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To gain insight into the role of drying strategy on the
printability of coated paper, the influence of drying rate
on coating structure was investigated. Experiments executed
in a low velocity hot air drier were designed to determine
the effect of the drying rate on the pigment packing
structure of coating films. Delaminated clay coatings were
applied to plastic film at 50 g/m 2 and dried at various
rates between 0.5 and 17 kg/m2hr.
Electron microscopy and image analysis were employed to
measure the z-directional pore volume distribution of
coating films. This is a new technique to quantify coating
structure and yielded results within 5% of oil absorption
techniques. Accurate results were obtained when a minimum
magnification of 5000X and a maximum cross-section thickness
of 120 nm were employed.
The void volume through the coating thickness was not
distributed uniformly. The coatings were characterized by
dense regions near the surfaces which were separated by a
bulky region. Coatings with 43% relative pore volume had
differences in pore volume between the dense and bulky
regions of 5% to 8%.
Temperature did not seem to affect the packing
structure when the coating was dried at constant rate.
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Up to a point, increasing drying rate at constant
temperature resulted in increases in total pore volume and
altered the pore volume distribution of coating films. The
changes in pore volume distribution consisted of a narrowing
of the dense regions near the boundaries and a broadening of
the bulky region. The difference between the void volumes
at the surfaces and the interior increased with drying rate.
At slow drying rates, the forces resulting from
particle interactions during consolidation probably make a
significant contribution to the coating packing structure.
Increasing the drying rate lessens the influence of
consolidation forces on packing structure by limiting the
time for particle reorientation.
At drying rates greater than 3 kg/m2hr the effect of
drying rate on packing structure was much less than at
slower drying rates. Extrapolation of results to industrial
drying rates would lead to a conclusion that packing
structure is not greatly influenced by drying rate.
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INTRODUCTION
Pigmented coatings are applied to paper to improve its
optical and printing properties. Coating colors are spread
in excess on paper as an aqueous suspension. The amount of
coating color is metered to the desired weight via pressure,
using a blade or a nip, or it is metered volumetrically by
wire wound rods(l). Subsequently, the water from the
coating is evaporated to produce a coated sheet. Coating
properties such as gloss(2,3), print density(4), light
scattering ability(5), and print gloss(6) are dependent upon
the bulk structure and the surface structure of the coating
film(7). An understanding of how coating structure develops
and how process variables affect the structure plays an
important role in the ability to continually improve coated
paper quality, increase production efficiency, and produce
new products to meet the demands of the customer.
In recent years, a considerable effort has been made to
understand coating consolidation mechanisms(2,8-11) and to
understand how process parameters affect the coating
structure. Coating structure has been shown to be
influenced by the type of binder(12,13), the pigment size,
shape and composition(14-16), the flow properties of the
coating suspension(17-19), the method of application(20-22),
the rate of drying(23,24), and the type of finishing
operation(25,26). Lepoutre has written an excellent review
of the knowledge that has been obtained thus far(27,28).
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Considerable knowledge has been gained concerning the
effect coating structure has on the physical properties of a
coating film. However, little emphasis has been placed on
pigment packing structure or on how the process variables
affect the packing structure. The objective of this work
was to investigate how the rate at which a coating is
dewatered by evaporation from a single surface affects the
packing structure of the pigment. Some challenges included:
development of a method for quantifying the packing
structure, production of coatings in which the evaporation
rate was the only process variable influencing the coating
structure, and formulation of a consolidation mechanism
which predicted the effect of evaporation rate on the
packing structure of a coating film.
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BACKGROUND
In order to understand possible effects which drying
rate may have on the packing structure of pigment films, it
is necessary to review the current knowledge of the mechanism
of consolidation and factors affecting it. The following
literature review includes what is known about consolidation
of coatings. Further, the review describes the factors
affecting the coating structure with emphasis on the
influence of drying rate on coating properties.
CONSOLIDATION OF A COATING
The mechanism of the consolidation of a coating layer
has been addressed by several researchers. The work of
Lepoutre and co-workers(7,6,8,29) describes the physical
changes taking place during consolidation on non-porous
media. Hagen(30,31) describes the mechanism of consolidation
on paper coatings applied to porous media. The conclusions
of these researchers lead to a viable description of the
mechanism of consolidation.
Watanabe and Lepoutre(7), working with clay films
applied to non-porous media, found three characteristic
physical changes which occurred in coating films during
drying. At a specific solids volume concentration (First
Critical Concentration-FCC) the coating gloss begins a rapid
decrease (Fig. la). It is theorized that the largest of the
-6-
pigment particles are forced close enough together that the
van der Waals attractive force between them dominates. The
dominant attractive force causes the particles to form a
network of capillaries which are filled with smaller
particles and the remaining suspending medium. At this point
in the drying process the dispersion is broken; menisci form
between particles at the surface and the capillaries begin
draining.
100 6IFCC
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Figure 1. a) Plot of the gloss and reflectance of coating VS
solids concentration. b) void volume VS drying
time for the coatings in (a). FCC-First Critical
Concentration, SCC-Second Critical Concentration.
From reference 7.
After a small gain in solids concentration (Second
Critical Concentration-SCC), the reflectance of the wet
coating begins to increase and the rapid drop in coating
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gloss ends. The gain in reflectance results from the
formation of air pockets in the coating. The additional
interfaces thus created between materials of different
refractive index cause an increase in the coating's ability
to scatter light. Figure lb shows that the structure of the
coating ceases to consolidate at the solids volume
concentration where reflectance begins to increase (SCC).
Thus, once the dispersion is broken and the capillary
transport of liquid begins to leave voids, the structure of
the coating is fixed. As a result, the coating structure can
only be affected prior to the SCC. Thus, the initial drying
rate and all the process variables up to immobilization at
the SCC are important to the formation of the dry packing
structure.
PARTICLE PACKING
Understanding the packing arrangements of model
particles may give some insight into the possible packing
densities (complement of the relative void volume) of clay
coatings. Knowing the possible packing densities for a
coating is useful for determining the effect that drying rate
may have on coating structure.
Model Particles
Numerous investigators have examined packings of model
particles. Scott(32-35) used steel balls poured into rough-
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sided cannisters to simulate random packing of hard spheres.
Bernal et al.(36) built an instrument for removing the steel
balls while simultaneously recording the position in 3-
dimensional space. Hagemeyer(37,14) used large plastic
models of clay and carbonates to simulate packing structures
consisting of particles of different geometries. More
recently, Schneider and Rippin(38) built an optical device
which employed transmission images to study packing
structures of spheres in radial flow. Cook(39) worked with
mixtures of polystyrene particles of different diameters in
order to determine the influence of particle size on packing
density. To test the practicality of a packing model,
Leskinen(40) measured the void volume of coatings made from
combinations of different size polystyrene spheres. The
above researchers have discovered a wide range of packing
densities (0.56 to 0.64) is possible for spheres. Because of
the wide range of possible densities, it may be possible to
change particle packing structures during the coating process
enough to change a coating's physical properties.
The expected packing density of either hexagonal close-
packed or face-centered cubic packing of equal-size spheres
is 0.7405(41). Scott(32,35) has shown for uniform hard
spheres that the maximum density obtainable in a randomly
packed structure is 0.6366. This result has been supported
in other experiments, simulations, and models. Scott and
Kilgour(35) also measured the density of a loosely packed
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structure, and found it to be about 0.603. Problems in
defining the boundary conditions for loose packing has
resulted in only limited support for this value from packing
simulations. Obviously, there are significant differences
between random and regular packing structures. In a coating
film composed of uniform spheres, one might expect to find
either random or ordered packing. The fraction of regular
packing in a coating film depends on the quality of the
suspension and how well the particles retain their shape
(like the hard spheres used by Scott(32,35)).
Leskinen(40) measured the void fraction of coating films
containing various ratios of two different sized latex
spheres and eight parts per hundred binder (on pigment). For
coatings containing a single sphere size, the packing
densities were found to be 0.64 for 100% large spheres and
0.56 for 100% smaller spheres. Results near and slightly
lower than the 0.6366 obtained by Scott are surprising for
several reasons: 1. polystyrene spheres do not behave as
hard spheres; 2. polystyrene spheres obtained commercially
are not monodispersed and the polydispersity usually
increases with particle size; and 3. binder has been shown to
affect the total pore volume of clay coatings(7,42). Each of
these factors would tend to make the coating denser than the
random dense packing results reported by Scott(32,35). It
can be concluded that Leskinen's films had random and ordered
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regions which when averaged had a density near that of an
ideal random packing.
Cook(39), in a similar study which did not include an
adhesive binder, found densities of about 0.684 for each of
three coatings made from three different size polystyrene
latex spheres (0.12 Um, 0.2 Um, and 0.67 um). This result is
predictable from Scott's analysis(32,35) in which he measured
a maximum packing density of 0.6366 for dense random packing
of hard spheres. Cook reported that visual inspection of the
coating surfaces showed regions of random and regular
packing. He also reported that similar structures were found
on the surface of loosely packed and densely packed steel
balls. Cook believed that the regular packings were those of
cubic and rhombohedral geometries (Fig. 2). These structures
have a difference in void volume of about 21%. The surface
structures were found to have about 3% less void volume than
the overall coating void volume, suggesting that the
rhombohedral packing is the dominant surface structure. A
computer simulation designed to model packing structures(43)
of a bed of monodispersed spheres yielded results similar to
Cook's experimental results. The higher surface packing
density accounts, in part, for the overall density being
higher than that of random close packings (0.684 versus
0.637).
The results of experiments using monodispersed spheres
indicate that a coating film bounded by two surfaces tends to
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be more ordered than a particle packing not influenced by
boundaries(39,40). Coatings composed of monodispersed
spheres are expected to be denser than dense random packings.
Figure 2. Schematic of the surface of monodispersed spheres
as described by Cook(39). Coatings contained
regions of regular packing separated by zones of
random packing.
Packing Simulations
Studies of packings of spherical particles have ranged
from intentionally random to regularly packed to nearly real
systems; however, no packing model has been developed to
suitably predict the void volumes obtained experimentally.
Two approaches using principles of statistical geometry
have been used extensively in efforts to describe how
particles will pack. The first approach is that used by
Bernal(44,45), Finney(46,47) et al.(48), who used variable
geometric structures to describe packing structures. Voronoi
polyhedra were used to describe the geometry of Scott's steel
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balls. Polyhedra were constructed about the center of mass
of each ball, the number of faces, edges and vertices were
tabulated for each and a statistical representation was
calculated. Using computer-simulated packing structures, the
method has been used to characterize many different
configurations including short range order in random
structures and systems where gaps between particles were
present. The method is useful for describing structures, but
has limited value for predicting changes in structures when
forces other than gravity are incorporated during the
construction of particle beds.
The second approach is that used by Wise(49),
Hogendijk(50), and Dodds(51). By choosing a single geometry
to represent sphere packing, the density of the packing can
be described from the sphere sizes and the relative
concentrations in the system. For example, assuming gapless
packing and that packed spheres form tetrahedrons, there are
five different tetrahedrons that can be formed from two
sphere sizes. Each type of tetrahedron has a statistical
frequency related not only to the number of possible
tetrahedrons formed but also to the fraction of each particle
size in the system. Dodds found solutions for systems
containing up to nine different sphere sizes. Wise derived
the equations for determining the packing density for a log
normal distribution of particle sizes but was unable to solve
them. Hogendijk later developed a numerical method to solve
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Wise's equations. In general, their studies show that
densities of binary mixtures are most sensitive to mixture
composition. Figure 3 shows the calculated density of a bed
of hard spheres as smaller particles are added to the bed.
The asymmetrical "V-shape" is typical. The depth of each
curve is dependent upon the ratio of sphere diameters making
up the structure. Dodds reported that increasing the number
of components (different size spheres) in a structure reduces
the effect of composition on porosity(51).
p^ 17 \\ ^^^__B-^-^^ // 5MXRES 
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of spheres. Porosity of binary mixtures of
spheres. Reproduced from ref. #51.
This technique is not satisfactory for predicting
absolute packing densities but is useful in predicting
changes in density which occur as the components change.
Dodds' results were supported by the work of Cook(39) and
Leskinen(40) for cases where two and three particle size
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classes were used. This method provides only a method for
quantifying a structure. Other than changes in the pigment
composition, differences in packing density which result from
alterations in the method of film production can not be
predicted using this method.
Dynamic Models
Because calculations describing how particles behave in
solution are complex, few dynamic models have been developed.
Bousfield's work(11) is the only model found that simulates
drying of a suspension. He presented a case in which the
upper boundary to a particle suspension moved at a fixed rate
toward the lower boundary. The lower boundary was allowed to
pass fluid but not particles. If a particle was supported by
other particles it was allowed to pass through the upper
boundary. These conditions are not a complete representation
of real drying systems in that colloidal forces have been
neglected and dewatering occurs only by drainage. However,
this type of simulation may be useful in predicting the
changes in packing at different drying rates. Figure 4 is an
example of the formation of the packing structure for
spherical particles as predicted by Bousfield's model.
In the simulation presented in Fig. 4, the packing
density increases from the base up. In coatings applied to
porous media, there would be a significant filtration effect
-15-
on the structure of the coating. The simulation did not
include evaporation as a parameter.






Brady, Bossis, and co-workers have presented a techniquep-
called Stokesian Dynamics for simulation of the motion of a
large number of particles in flow fields(52-56). Using a
supercomputer for the calculations, they were able to
incorporate Brownian motion, interparticle forces, long-range
lubrication forces and short-range lubrication forces. Their
model is considerably more complex and more representative of
the actual suspension than Bousfield's model. Unfortunately,
-16-
no simulation results have been found for any model which
resembles a drying pigment suspension.
Summary of Model Particle Packing
There has been a considerable effort to produce a
mathematical representation of the packing of spheres.
Success has been good for random dense packing of spheres, in
that various models have yielded the same packing density as
experiments. Success has also been good for regular packings
where structures can be represented by relatively simple
geometric figures. Geometrical descriptions fail in
situations where packings are combinations of random and
regular structures. Unfortunately, this type of packing
occurs in coatings composed of spherical pigments.
Dynamic models which predict the behavior of particles
influenced by fluid flow or certain boundaries are a recent
development which require the use of supercomputers to
perform the calculations. However, the results obtained from
simpler models will be useful for qualitatively predicting
the packing of particles in dynamic systems.
From the results of studies of model systems, it can be
concluded that boundaries have a significant influence on
structure, and that the mechanisms of dewatering, filtration
and evaporation also affect the packing structure.
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PACKING IN A COLLOIDAL DISPERSION
During the time interval between application and
immobilization of a coating, the pigment film can be viewed
as a suspension. Therefore, a review of the structures which
exist in colloidal dispersions and the effect on the
resultant packing structure is relevant.
Coating structure has been shown to be affected by
dispersion properties(14,28,57). Hoy(41) suggested that a
coating should be expected to have a number of properties
which are directly related to the structure of the pigment
suspension. A considerable amount of research has been
directed toward the relation of colloidal properties to
properties of suspensions under flow(58,59). As a result of
this effort, there exists a large body of literature on
typical structures present in suspensions. Recently, Tadros
presented a review of this subject(60).
Van Olphen(61) explained clay particle interactions in
suspension in terms of structures which depend on the nature
of interparticle interaction forces. Because the magnitude
of the van der Waals attractive forces acting between
particles is dependent on the relative orientation of the
particles, the energy of interaction depends on the geometry
of contact. There are three basic geometries with which clay
particles approach one another: face-to-face, edge-to-face,
and edge-to-edge. The relative populations of these three
structures will differ due to differences in the energy of
-18-
interaction and in the rates of diffusion of the particles.
Figure 5 shows potential structures. Flocculation of a
dispersion results in different rheological and structural
behavior. Spherical particles form similar structures which






Figure 5. Modes of particle association in clay suspensions.
a) dispersed (random) b) aggregated but dispersed
c) edge-to-face floc d) edge-to-edge floc e)
aggregated edge-to-face floc f) edge-to-edge
aggregated floc and g) aggregated edge-to-edge and
edge-to-face flocs. Redrawn from reference 61.
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In Fig. 5 there are corresponding figures for
agglomerated and single particle structures. Figure 5b shows
a dispersed aggregate randomly orientated. The energy
necessary to disperse the other flocculated structures is
less than that for the face-to-face floc; therefore, the
face-to-face structures are considered aggregates. In a clay
suspension, it is not known whether single particles exist or
if clay suspensions are made up of face-to-face aggregates.
Aggregates can flocculate forming structures similar to those
formed by single particles. Therefore, the structures of
dispersions are similar for suspensions consisting of either
aggregate or individual clay particles.
Experimental Determination of Colloidal Structure
Sheehan and Whalen-Shaw(lO), using cryogenic scanning
electron microscopy (Cryo-SEM), demonstrated that clay
suspensions contain structures predicted by van Olphen(61).
In concentrated suspensions, Sheehan and Whalen-Shaw(lO)
discovered that crowding of the platelets resulted in
considerable parallel alignment as hypothesized by
Lepoutre(28). Micrographs of suspensions contained in
Sheehan and Whalen-Shaw's work showed that much of the clay
in their suspensions was in the form of aggregates.
Liu et al.(62) studied the structure of suspensions of
small particles (colloidal gold) using a transmission
electron microscope (TEM). In untreated samples considerable
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agglomeration started at the points of contact, resulting in
"bead-like" structures of low density. Treating the
particles with a surfactant which coated their surfaces,
resulted in a dispersion structure which was uniform and
dense. Particle separation was discovered to be about twice
the size of the surfactant. Because the addition of the
surfactant resulted in a uniform surface charge and because
it provided some steric hindrance to close approach, the
particles formed a random/dispersed structure.
Hiltner and Krieger(63) used the Bragg diffraction of
visible light to determine the structure of a monodispersed
suspension of latex particles. They discovered a packing
density of 0.74, implying that the structures were either
face-centered-cubic or hexagonal-close-packed. By changing
the salt concentration of the solution, they varied the
interparticle distance. At high salt concentrations the
interparticle separation was significantly less than the
diameter of a particle. At very low salt concentrations
particles were separated by nearly four particle diameters.
In dilute solutions, regular packing was not limited to the
air interface but was present throughout the solution. In
concentrated solutions, only the first few surface layers
could be analyzed. Some doubt exists as to whether the
surface structure was present throughout the solution.
Figure 6 shows a schematic of the results.
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Two important conclusions can be drawn from the work of
Hiltner and Krieger(63). First, particles in a stagnant
colloidal suspension tend toward lattice type structures.
This conclusion lends support to the observations made by
Cook(39). Second, the particle/particle interactions are
significantly affected by salt concentration.
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Figure 6. Schematic of suspension structures at two salt
concentrations(63). a) packing structure of a
dilute, low salt concentration dispersion. b) same
dispersion as a at high salt concentration.
Hoy(41), in a review of the structure of concentrated
coatings, predicted that ordered structures near a surface
extend about 10 diameters into the film before random packing
dominates the structure. He also hypothesized that ordered
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packing structures at and near surfaces result from particle
interaction with the surface. Hoy stated that boundaries
limit the number of nearest neighbors a particle may have,
resulting in a more open structure as compared to ordered
packings. Further, he predicted that when two boundaries are
near one another they severely limit the packing ability of
the film, resulting in a loosely packed structure. This view
is the opposite of the results discovered in the earlier
experiments of Hiltner and Krieger(63).
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Figure 7. Schematic of a dispersion of uniform spheres
bounded on two sides.
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Combining the results of Hiltner and Krieger(63) and
parts of the model hypothesized by Hoy(41), a description of
the structure of dispersion in a film can be inferred.
Figure 7 is a schematic of the author's interpretation of the
knowledge available on colloidal structures in a film.
Effect of Suspension Properties on Coating Structure
The results of Sheehan and Whalen-Shaw's work(10)
indicate that at high solids content, 50% to 70% by weight,
the arrangement of clay particles in suspension is nearly a
face-to-face configuration. Mechanically or chemically
reducing the amount of flocculation in a suspension tends to
dissociate face-to-face aggregates therefore increasing the
particle-particle separation. Flocculation of a dispersion
causes suspended particles to form edge-to-face and edge-to-
edge structures. Flocculated suspensions appear to be less
conformable and have bulkier particle structures relative to
an unflocculated dispersion of the same concentration.
The statement above has been supported by the work of
several researchers. Hagemeyer(37) used sediment volumes of
dispersions as a measure of packing structure. He discovered
that mixing particles of different materials and identical
shape gave a non-additive sediment volume. The difference in
surface properties between the different pigments resulted in
a change of dispersion properties, thus causing a change in
the packing structure.
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Hemstock and Bergmann(17) correlated dispersant level
with sediment volume and dry film void volume for binderless
coatings. They found that the dry film void volume was
directly related to, but smaller than, the sediment volume.
In addition, both the void volume and sediment volume
initially decreased and subsequently passed through a minimum
as the level of dispersant was increased (Fig. 8a). Addition
of dispersant reduced flocculation; however, after a minimum
flocculation was achieved additional dispersant induced
flocculation.
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Figure 8. a) Relationship between void volume of the dry film
and dispersant level. From ref. 17 with
permission. b) Relationship between Brookfield
viscosity and level of dispersant for a plate-like
Hagemeyer(37) had previously shown that the viscosity of
the coating suspension is dependent on the level of
dispersant (Fig. 8b). The relationship was the same as that
dispersant (Fig. 8b). The relationship was the same as that
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found by Hemstock and Bergmann(17) for the effect of
dispersant level on the sediment volume and void volume of
dry coating films. It is also known that the viscosity of a
solution is dependent on the dispersion structure(58-60).
Therefore, the combined work of Hagemeyer(37) and Hemstock
and Bergmann(17) indicate that the degree of flocculation in
a dispersion is important to the resultant coating structure.
EFFECT OF DRYING STRATEGY
Introduction
As coating speed has increased and coat'weights have
dropped in industrial practice, the incidence of printing
problems has risen. Print mottle, or the variation in
optical density, results from variations in ink coverage.
Ink coverage is a function of several properties of the
coating, of which absorbency is one. High drying rates and
variations in drying strategy have affected print quality.
Print mottle is believed to result from uneven deposition of
binder at or near the coating surface. Therefore, ink
absorption may be used as one measure of the effect of drying
strategy on coating structure and/or binder migration. Gate
and Windle(64) reported the rate of oil absorption to be
related to the void volume; denser coatings have lower oil
absorption rates. Many studies have used the above relation
as an index for measuring coating structure.
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The presumed relation between ink absorption and coating
structure may not be correct. Lepoutre(27), in a review of
the current knowledge of coating structure, commented on ink
absorption tests:
Because of its simplicity the K&N ink absorbancy test
continues to be used to characterize the absorbency of
paper and board coatings. The test consists of
measuring the drop in reflectance of the coating after
two minutes contact with the grey colored test ink.
However, relationships between oil absorption rate and
K&N stain reflectance remain elusive (Lepoutre,
DeGrace(65)). Hattula and Oittinen(66) made a thorough
investigation of the test and concluded in a remarkable
understatement that "the K&N test may not give a true
picture of the absorption performance of coatings in
printing."...
Further doubt is cast by Kent and Lyne(67) on Gate and
Windle's conclusions(64) concerning the absorption of ink
into coatings. In a paper which discusses theoretical
aspects of capillary movement through non-cylindrical,
discontinuous capillaries, Kent and Lyne(67) have shown that
flow through capillaries is dependent on capillary geometry.
Gate and Windle defined an effective pore radius for a
coating, r, and assumed that coatings behave as a collection
of parallel capillaries having a length of h6/e, where h is
the average coating thickness, e is the ratio of pore volume
to total apparent volume (packing density) and 6 is a
tortuosity factor. The tortuosity factor is the ratio of the
real distance travelled by an element to the distance h/e.
The above definition of capillary length was used in the
Washburn equation to determine the rate of oil absorption





Rearranging and assuming complete wetting, i.e., cos -+ 1:
h 2 =( - rt (2)
where y = surface tension of the oil
t = time
0 = contact angle between the oil and the coating
n = viscosity of the oil
E = porosity (void volume/total volume)
Experimentally they found that the time of penetration is
proportional to both the square of the film thickness and to
the square of the inverse of the porosity. Figure 9 is the
plot presented by Gate and Windle(64) of 10 different clay
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Figure 9. Oil absorption time of 10 different clay coatings
containing 15 pph binder as a function of 1/e2.
From ref. 64.
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Kent and Lyne(67) developed a model to find the effect
of discontinuities in capillaries on capillary transport.
They applied Gibbs' inequality to the three phase contact
point of a liquid in a capillary at a discontinuity and
calculated the pressure difference across the meniscus, AP,
from the Young-Laplace Equation:
AP = YLv(l/rl + l/r2) (3)
where r1 and r2 are the principle radii of curvature of the
meniscus. They calculated the pressure difference for the
three model geometries of capillary intersections shown in






Figure 10. Representation of a coating film comprised of
plate-like pigments whose orientation is nearly
parallel to the x-y plane. Sketch shows three
typical capillary geometries (redrawn from ref.
67).
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Figure lla shows that a significant change occurs in the
pressure driving the fluid as it enters the Step junction;
however, the jump in AP is not great enough to stop fluid
flow. Similar results were obtained for the Bend
intersection. The T-junction had a AP that passed through
zero, indicating that external pressure, Pe, would be
necessary to drive the fluid through the intersection.
Therefore, the extent and rate at which liquid absorption
occurs is dependent on pore geometry as well as film porosity
and surface tension and the viscosity of the absorbing fluid.
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Figure lla. Sketch of the contact angle of a liquid passing
through a Step junction and the calculated






Figure lib. Sketch of the contact angle of
through a Bend junction and the













Figure llc. Sketch of the contact angle of a liquid passing
through a T-junction and the calculated pressure








The predictions of Kent and Lyne have been only recently
applied to coatings (1989) whereas the work of Gate and
Windle, the use of the Washburn equation, and ink absorption
tests have been discussed for some time. A majority of the
studies of the effects of drying rate on coating structure
have employed indirect tests such as ink absorption or print
density variation to measure changes in coating structure.
Conflicting results (presented below) may be a consequence of
the methodologies used to determine coating properties.
Drying Studies
Engstrom et al.(68,69) studied the effects of drying
rate on print mottle and ink absorption of coated plastic and
coated paper. Using the K&N ink test, they found that the
ink absorption decreases if the high drying rates are
employed during coating immobilization. The differences in
ink absorption between coatings dried by different strategies
were not detected at high coat weights. The effect of drying
rate on ink absorption was also found to be influenced by the
type of binder in the system. Coatings applied to paper and
dried by different strategies were examined for print mottle
after printing on a Prufbau press. Results were similar to
the coatings that were applied to plastic. These results
suggest that a high drying rate during immobilization causes
lower void volume and an ordered structure. In addition, the
effect of binder type may have been caused by differences in
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"binder migration" (non-uniform deposition of binder) within
the coating layer. Variation in binder concentration at the
coating surface may cause variation in ink absorption
(appearing as print mottle). However, because ink absorption
is primarily a surface phenomenon, the results may indicate
that high drying rates during immobilization cause an
increase in surface density. Increased surface density may
result from increased packing order and/or binder migration.
Heiser and Baker(70) performed a study of binder
migration. They controlled binder migration on a pilot
coater by gelling the latex binder immediately after
application in one half of the coating by exposing half of
the sheet to ammonia. Drying was performed with hot air
driers employing the same conditions on both halves of the
sheet. The result was one coating whose structure and binder
distribution at application were preserved and another
coating whose structure was dominated by the consolidation
process via filtration and evaporation.
The experiment was designed to produce binder migration;
however, the distribution of binder through the thickness of
the coating was found to differ only in degree between the
coatings. The shape of the binder distributions for the
gelled and ungelled coatings were the same. This result
suggests that perhaps some quantity of binder was transferred
to the base paper and no alteration of the distribution was
achieved. K&N ink absorption was significantly greater for
-33-
the gelled coating. Greater ink absorption was thought to
result from greater void volume or less binder migration.
The calendered gloss and pick strength were greater for the
ungelled system, while the opacity of the gelled coating was
slightly greater than that of the ungelled coating. Pick
failure, in both coatings, was reported to be by coating pick
and not fiber pull. The print gloss was lower for the gelled
coating, and particle orientation relative to the coating
axis was greater for the ungelled coating.
Using stereoimaging, thin cross-sections and scanning
electron microscopy (SEM), Heiser and Baker(70) also studied
the microstructure of the coatings. The stereoimages showed
that the surface pores of the gelled coating had considerable
depth and were more abundant than the surface pores in the
ungelled coating. SEM analysis confirmed these results and
also showed a difference in the smoothness and the particle
size distribution near the surface. Heiser and Baker
observed that the gelled coating was noticeably rougher than
the ungelled coating and that it had a wide variation of
particle sizes at the surface. The ungelled coating appeared
to be covered with a layer of fine particles (possibly latex)
with only a few larger particles present. Cross-sections of
the coatings were fragmented as a result of the embedding and
cross-sectioning process. Each coating showed similar
features. Each coating contained clusters of clay particles
separated by a matrix composed of latex.
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The observed differences between samples (i.e., ink
absorption, print gloss, etc.) were tentatively attributed to
non-uniform binder distribution within the coating layer.
Property differences may have also resulted from packing
structure differences between coatings. The ungelled coating
consolidated, packing the particles while the gelled coating
essentially preserved the structure of the particles in the
bulk dispersion. The greater random orientation and greater
void volume of the ungelled coating may explain differences
in properties of the gelled and ungelled coatings.
Aschan(71), in a pilot plant study concerning the
effects of drying strategy on coating structure, showed that
print mottle was critically dependent upon the drying rate
over a specific solids range (about 71%-78% solids). The
drying rate before and after the critical range had little
effect on print quality. He theorized that the critical
solids content for a coating begins when the surface has both
dry and wet places (as the last of the free water is removed
- 71 to 74% solids) and ends when there are no wet places
left on the surface(74-78% solids). The described critical
solids content range falls between the first and second
critical concentrations described by Lepoutre(7) (Fig. 1).
Aschan(71) reported that, for coatings of equal coat
weight, increasing the drying rate during the critical solids
range resulted in a slight increase in roughness and drop in
ink absorption. He also reported that pick strength
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increased as drying rate was increased. These results are
not entirely consistent with those of Heiser and Baker(70).
If Heiser's and Baker's gelled and ungelled coatings are
considered in terms of changes in the drying rate, the gelled
coating (dried rapidly) had greater ink absorption than the
ungelled (slowly dried) coating. The differences between
Heiser's and Baker's results and Aschan's results can be
attributed to two factors: first, the distribution of binder
in Aschan's coatings may have been different than those of
Heiser and Baker, and, secondly, changes in drying rates of
Aschan's coatings were later in the drying process, creating
the possibility of a wholly different packing structure than
the Heiser and Baker coatings.
In another pilot coater drying study, Engstrom et
al.(72) performed trials using drying strategies similar to
those of Aschan(71). They also found that slower drying
rates through a critical solids range produced less print
mottle. In addition, they measured the relative binder
content of the surface of the coating using ESCA.
Surprisingly, a drying strategy characterized by high initial
drying rates and no forced drying (gap between driers) near
the critical solids range (between the gloss and reflectance
points) yielded coatings which had high surface binder to
pigment ratios. The high surface binder concentration is an
indication of extensive binder migration, yet the coating
exhibited insignificant print mottle. This result
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contradicted previous work which found decreased ink
absorption and increased mottle for coatings prepared using
high drying rates during immobilization(70,71). Engstrom et
al.(72) theorized that the amount of water available during
the high drying rate period was more critical for production
of print mottle than was the overall drying rate.
Furthermore, they thought that other structural properties
might be responsible for ink mottle as well.
Gane(73) supported the notion that print mottle does not
result from binder migration. Through analysis of the
variation in base sheet roughness and coating roughness, he
found that print mottle resulted from surface inhomogeneity
of smoothness and fiber coverage. He also noted that if
binder migration occurs, leading to variations in surface
concentration, then it is apparent only in regions where
variations in coat weight occur. Experimentally supported
relations between base sheet properties and packing structure
are scarce, but those data which exist support the above
findings. Base sheet roughness disrupts the parallel
alignment of particles causing greater disorder in the
coating layer which results in greater pore volume(42). High
base sheet absorption rates result in rougher coatings and
variations in base sheet absorbancy cause variations in coat
weight, ink absorbancy and packing structure(23).
Recently, Norrdahl(74) reported that the extent of print
mottle is dependent on the drying rate used over a particular
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solids content range and not on the type of drier used. The
critical solids range begins at a concentration which is
about 4% lower than the concentration where immobilization
occurs and extends to the solids content where the
reflectance of the coating begins to increase (the SCC as
defined by Watanabe and Lepoutre(2)). When drying rates
greater than 5 kg/m2 hr were employed during the critical
solids concentration range, an increase in the incidence of
print mottle was observed. Deterioration of other coating
properties paralleled the mottle response. Gloss, print
gloss, and IGT pick decreased as the rate of drying over the
critical solids concentration was increased. Tests of
surface binder concentration and distribution(75) showed no
sign of binder migration or mottle. Norrdahl did report
significant effects of base sheet temperature and base sheet
formation on print mottle.
In a study of the causes of print mottle, Engstrom et
al.(76) discovered relationships between print mottle and
the average evaporation rate. As part of the study, the
binder and coat weight distributions were determined as well
as the X-Y variation of each. Varying the evaporation rate
resulted in only small variations in the surface content of
latex binder. The effect on coat weight distribution was not
reported in detail other than "...the mass of the coating
layer is evidently redistributed during its consolidation
process."
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The correlations that Engstrom et a1.(76) drew between
print mottle and evaporation rate are suspect. They have
shown relationships between mottle and binder distribution
and between mottle and coat weight distribution; however,
mottle, binder distribution, and coat weight distribution
appear to have a greater dependency on the base sheet
properties than the evaporation rate. This suggests that the
relative contributions of the different mechanisms of
dewatering (absorption and evaporation) are important.
Apparently in cases where water removal by absorption into
the base sheet is dominant, evaporation rate has little
effect on the properties of the coating. Engstrom et a1.(76)
also pointed out that the type of absorption, capillary or
diffusion, has an effect on the coating properties.
Therefore, the hypothesis can be made that coating structure
must be affected differently by each mechanism.
In none of the studies discussed above were the z-
direction properties of the coatings examined.
Examination of Coating Cross Sections
Heiser et a1.(22) used light and electron microscopy to
relate gloss, print mottle, and sorption characteristics to
the coating morphology. Coatings consisting of 88% clay, 12%
CaCO3, and 16 pph latex binder (on pigment) were applied by
roll, metered with an air knife and dried at two different
rates: 300 ft/min. at 300°F and 700 ft/min. at 550°F. Two
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trials were run, one with a latex of 0.45 to 0.55 Um and the
second with a latex binder of 3.0 um. In the first case the
binder was presumed to follow the liquid phase and in the
second case it was presumed to behave as a pigment.
Microscopic analysis of the surfaces of coatings containing
the smaller latex showed that coatings dried at the lower
rate contained more large voids than the coatings dried at
the higher rate. The coating dried at the lower rate was
also reported to have greater internal void volume.
Heiser et al.(22) believed that differences in void
volume were due to surface tension forces present during
evaporative drying. They believed that at high drying rates,
where evaporative drying was dominant, surface tension forces
caused more platelet alignment and a denser pigment packing
structure. However, surface tension forces predominate after
immobilization and result in a loss in platelet
orientation(42). Watanabe and Lepoutre(7) have shown that
little consolidation occurred after immobilization in
coatings which were applied to plastic film. The findings of
Heiser et al.(22) contradict the ink absorption data reported
in other studies(71-76). Others(64,68,69) found that high
drying rates reduced ink absorption and thus pore volume.
One possible explanation for the discrepancy may be the
change in the speed of the coater to achieve the change in
the drying rates. Engstrom and Rigdahl(24) have shown that
the speed of the coater has an effect on the structure.
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Regardless of the chosen drying method, Heiser et a1.(22)
have shown that when higher average drying rates are used the
coating had a higher packing density than the same coating
dried at a lower rate.
For coatings of large binder size, Heiser et al.(22)
found results similar to those given above, except that the
total void volume was larger. This is probably because the
larger latex particles caused greater disruption of the
regular packing structure of the clay than the small
particles. The researchers did not discuss the distribution
of void volume through the thickness except to state that,
for the large particle size latex, the surface of the coating
dried at the faster rate was quite dense above a more friable
internal structure.
Hattula and Aschan(77) observed from coating cross-
sections that clay platelets were oriented parallel to the
surface. The parallel orientation was disrupted in the bulk
of the coating by occasional large anisometric particles.
Cross-sections published in other studies showed similar
disorder around large particles(22,70,78).
Cross-sections of mechanically compacted and dried
clays(79-81) have shown packets of face-to-face flocculated
particles aligned parallel to one another. In systems
compacted at moisture contents above the immobilization
point, the face-to-face packets exhibited considerably more
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parallel alignment than systems compacted at solids near the
immobilization solids content(79,81). In the later case,
particles were less ordered and packets were aligned at
various angles with respect to one another. Diamond(81)
discovered that clays compacted at low solids experienced
significantly more shrinkage than those consolidated from
higher solids concentration during drying. These results
indicate that the ability of particles to reorient in the
dispersion is dependent on the solids concentration.
SUMMARY OF BACKGROUND
The influence of coating structure on the physical
characteristics of coatings and the effects of coating
processes on coating structure are discussed in the
literature. Many studies report correlations of coating
structure and coating properties using indirect methods for
evaluation of coating structure. One study reported that the
average pore diameter is related to the scattering
coefficient of the coating. As a result, different coating
pigments have been used to change the opacity of a coating by
changing the pore size distribution of the coating.
Furthermore, scientists have studied how to change the
coating structure in order to produce the best coating for a
particular purpose. For example, if a smooth, glossy surface
is desired, highly anisometric clay particles are used in the
coating, and the dry coating is super calendared to further
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improve the gloss and smoothness. The mechanisms which
produce a given structure are reasonably well understood.
However, the knowledge of the relationship of coating
structure to print quality is not well understood.
The factors affecting absorption of oil and ink into a
coating were thought to be influenced primarily by the
density of a coating and the relative amount of adhesive
present at the coating surface. Recently, pore geometry has
been shown theoretically to affect absorption. The
absorption rate of a fluid into the surface of a coating is
dependent upon geometry of the pore structure, the surface
density, and the wettability.
It has been established that the rate at which a coating
is dried influences the absorptive properties and the
uniformity of the coating. Furthermore, studies have shown
that the drying rate during immobilization has the greatest
influence on coating properties. The mechanism describing
how drying rate effects absorption and absorption uniformity
has not been elucidated. Until recently, it was believed
that high drying rate through the critical drying stages
resulted in the deposition of additional binder at or near
the coating surface, and several mechanisms were proposed to
explain binder migration.
Variations in ink absorption, exhibited as print mottle,
were thought to result from micro-variations in the drying
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rate within the coating layer. These drying rate variations
are caused by the existence of thick and thin areas of
coating coverage which correspond to valleys and hills
present in the paper. Therefore, the differences in ink
absorption of coatings dried at different rates may be caused
by differences in the degree of binder surface concentration
which, in turn, affect the density of the coating surface.
Furthermore, variations in ink absorption rate across the
surface of a coating may be the result of differences in
surface density and wettability caused by different levels of
local binder concentration. The micro-area variation is
caused by roughness and/or density variations in the base
sheet.
The discussed mechanisms and effects have been a subject
of debate in the literature for several years. Recently, new
techniques for measuring the surface properties of the
coating, including roughness and binder concentration have
been developed. Direct determination of the surface binder
concentration has not, in some cases, been consistent with
the mechanisms used previously to explain print quality
problems. In other studies, variations in surface binder
concentration have been correlated to variations in print
density. In any case, some doubt remains as to whether
binder migration occurs and, if it does, whether it is
primarily responsible for observed print quality problems.
Additionally, the effects of pore geometry and packing
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structure on the absorption properties of coatings have not
been explored. Little is known about the differences in




Problems of print quality have accompanied the increased
production speeds in the coating industry in the past 15
years. These print quality concerns have led to research on
the mechanisms for ink transfer and ink absorption. Recent
theoretical analysis of fluid flow in discontinuous
capillaries has suggested that further complexities exist in
ink absorption mechanisms. This analysis may suggest a
solution to inconsistencies among studies concerning the
effect of drying strategy on print quality. Unfortunately,
little is known about the actual packing structure of
particles in a coating.
To clarify the effects of drying strategy on binder
deposition at the coating surface and on print quality,
several questions about coating structure must be answered.
For example, what are the relative contributions of pore
geometry, density and wettability to coating absorptivity?
What fraction of coating dewatering occurs by evaporation and
what fraction occurs by absorption into the base paper? How
does the drying strategy affect the packing structure of a
coating layer?
This dissertation is concerned with the last question.
The specific objectives include: (1) Development of a
technique for quantifying the packing structure of a pigment
through the thickness of the coating; (2) Production of
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coating films whose process of consolidation is dependent
only on the rate at which they are dried; and (3) Formulation
of a consolidation mechanism which predicts the effect of
drying rate on the coating structure.
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THEORETICAL APPROACH
An analysis of the forces acting on the particles during
consolidation is necessary in order to describe the effects
of drying rate on coating structure. Understanding the
nature of interaction forces between particles under
conditions of suspension consolidation may lead to a
hypothesis which is able to describe the effect of increasing
the evaporation rate on the packing structure of the dry
coating film.
The following discussion will consider dewatering by
evaporation only; filtration and sorption into the substrate
will be considered functions of the substrate and not part of
the drying process.
PROXIMITY OF PARTICLES
Consider a coating color at 50% solids made up of
uniform hard spheres whose specific gravity is 1.0. If the
particle radius is 0.5 micrometer, the volume of the sphere
is 0.5236 um 3. The volume of solution associated with each
sphere is also 0.5236 um 3; the equivalent spherical sheath
around each particle is 0.13 um thick. Each particle is, at
most, 0.26 um from its nearest neighbors. Table I contains
the data for the same particles at higher concentrations.
Particle separation distance is a significant factor for
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determination of the energy of particle/particle interaction
at different points during coating consolidation.
TABLE I
Separation Distances for 0.5 Micron Particles at Various
Concentrations
Maximum Separation












In a typical coating suspension, consisting of clay (sp.
gr. = 2.62) at 60% solids content, the pigment occupies about
36.4% of the total volume. At immobilization, there is no
longer enough water present in the coating film to maintain
particle dispersion. The immobilization solids content of a
delaminated clay coating is approximately 78%. In a typical
coating suspension 55% of the aqueous phase is necessary to
maintain the suspension. The remaining 45% of the water
volume is excess, providing some volume for particle motion.
The amount of movement is restricted by interactions between
particles. The limited motion of suspended particles allows




The rate at which clay particles change orientation in
solution is important, in that it partially determines the
rate at which particles will recover a random orientation
after being stressed. Such stresses occur during drying of a
coating. When a coating is applied to a non-porous medium,
it is essentially a thin layer of the coating suspension
spread onto the surface of the substrate. As water is
evaporated from the coating surface, the surface recedes,
concentrating the particles and aligning the particles
parallel to the surface. The concentration gradient caused
by evaporation and the forced particle orientation at and
below the surface are counteracted by diffusion and repulsive
interaction forces between particles. The rate of recovery
(recovery of random orientation and uniform concentration) is
defined by the above forces.
Particles suspended in solution normally undergo
translational motion as a result of Brownian motion(82).
Suspended particles also randomly rotate during Brownian
motion. The net rotation is known as rotational diffusion.
In dilute solutions, absent of external forces, the
orientation of a clay platelet at a fixed moment in time is a
function of its rotational diffusion. In concentrated
solutions, rotational diffusion is limited by interactions
with neighboring particles.
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Assuming that no external electrical or magnetic fields
are applied to a dilute solution, the suspended particles
will rotate at a rate inversely proportional to the cube of
the particle radius and the solvent viscosity(83-85). For
oblate disks, the relationship between particle size and the
rotational diffusion coefficient is:
DR = 3kT/(na3) (4)
where k = Boltzman's constant (J/K)
T = Absolute temperature (K)
n = Solvent viscosity (kgm/s)
a = Semi-major particle axis (m)
DR = Rotational diffusion coefficient (radians/s)
Examination of equation 4 leads to several conclusions
about rotational diffusion: 1) The rate of rotational
diffusion drops rapidly as the size of the particle
increases; 2) Increasing the temperature of the solution
increases the diffusion rate; and, 3) Increased temperature
causes an increase in molecular motion and a decrease in the
viscosity of the suspension medium, resulting in an increase
in diffusion rate.
In a dilute clay suspension, for every two-fold increase
in particle size there is an eight-fold drop in rotational
diffusion. A typical commercial #2 clay has particles whose
major axis may vary from 0.1 um to 2 um or more. Therefore,
a clay suspension will have particles rotating at a wide
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range of rates. In a concentrated coating suspension (60%
solids content), allowing for the fact that as a particle
rotates a substantial volume is swept out, electric double
layer (a potential field in the suspending medium induced by
the properties of the suspended particle - discussed in
detail later) overlap can occur(86). The continuous electric
double layer interaction forces acting on the particles in
concentrated suspension restrict the motion of the particles.
For larger particles, electric double layer interactions are
probably the dominant factor affecting the orientation of the
particles. For smaller particles, rotational diffusion may
be significant to particle orientation.
Particle Interactions
After application and metering, the coating has the
properties of the original coating suspension; it is
reasonable to assume that there are no shear forces acting on
the coating or fluid flow present after metering. The forces
acting on the particles are van der Waals attractive forces,
electric double layer repulsion and hydrodynamic forces
caused by particle movement.
Van Der Waals Interaction
Van der Waals forces for spherical particles are
dependent upon the separation distance between particles, the
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radius of the particles, and the Hamaker constant for the
particle composition(87). The following equation is that for
a two particle system:
-A y y x2 +xy+x
VA = - + + + 21n (5)
12 x 2+xy+x x2 +xy+x+y x2+xy+x+y
Where al, a2 = Particle radii
A = Hamaker constant
H = Distance of separation
x = H/al+a2
y = al/a 2
VA = London dispersion interaction energy
In a dynamic situation where particles react to these
forces, calculation of the interaction energy between
particles is difficult because the position of every particle
is a function of the position of all the other particles.
Considering radii a1 and a2 to be equal (0.5 um) and the
Hamaker constant, A, to be that of polystyrene (5 x 10-21 J),
the energy of attraction between two particles may be
calculated relative to H from equation 5. Figure 12 shows
the results of the calculations just described. The energy
of attraction is large at small separations and trails off
rapidly as the distance of separation is increased.
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H (nanometers)




Figure 12. Plot of the energy of attraction due to van der
Waals forces for a two polystyrene particles upon
close approach. For particles of the same radius,
0.5 um, and an A of (5 x 10-21 J).
Spherical particles, because of the lack of angular
dependance on the potential field, are relatively simple
particles to handle in theoretical calculations. Vold(88)
has derived equations for anisometric particles and found
that for rod- and plate-shaped particles the orientation is
an important factor. Calculations of the van der Waals
interaction energy for particles in coating suspensions
should include factors for particle shape, orientation,








shape, a suspension, where only van der Waals forces are
present, the particles would usually form particle
agglomerates due to the net attractive nature of van der
Waals forces. However, there are cases in which the
attraction of the suspending medium for the particle is
greater than the particles for each other. In these cases
agglomeration will not occur spontaneously.
Electric Double Layer Interaction
Most substances acquire a surface charge when immersed
in a polar medium, and the mechanisms for charge development
have been described in textbooks on colloid chemistry(87).
Briefly, a particle's surface charge affects the distribution
of the ions present about the particle. Ions of opposite
charge are concentrated near the surface and like-charged
ions are repelled away from the surface. The net result of
the attraction and repulsion is the formation of an electric
double layer which consists of the charged surface and a
diffuse distribution of neutralizing counter-ions and co-
ions(87). The electric potential of the diffuse layer
surrounding a charged particle was originally modeled by
Gouy(89), Chapman(90), and Debye and Huckel(91). Their
models are discussed in textbooks on colloidal phenomena.
Verwey and Overbeek(92) have described the role that the
electric double layer plays in colloidal stability. The
similar charge of the electric double layers of like
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particles causes the particles to be repelled when they come
into contact in a suspension. In a concentrated suspension
the electric double layer repulsion retards flocculation.
Equation 6 is used to calculate the energy of interaction of
electric double layers from two spherical particles(87):


































The potential energy of interaction decreases
exponentially with separation distance and is dependent on
the concentration of electrolyte. Figure 13 is a plot of the
interaction energy for the case of two interacting spheres
which have the same diameter, 0.5 um, and where e is 78.5, c
is 0.01M, z is 1, ud is assumed to be the same as the zeta
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Figure 13. Calculated interaction potential of the electric
double layers of a pair of spherical particles at
25°C with a Stern potential of 50 mV in a 0.O1M
KCl solution.
Total Energy of Interaction
The total energy of interaction is taken as the sum of
VA and VR. Figure 14 is the result of adding the VA curve of
Fig. 12 and the VR curve of Fig. 13. In this situation, van
der Waals attraction dominates only at very close approach
(0.5 nanometers) and at relatively large distances (0.5
micrometers - not shown). From the work of Etzler and Drost-
Hansen(93), we know that the vicinal water layer is at least
5.0 nanometers. Vicinal water has physical properties which
are different from bulk water. The above equations and
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theory assume that the properties of water are constant at
all points in the suspension. In addition, the Stern
potential can not be measured. Because of this, the zeta
potential is commonly substituted for the Stern potential in
the calculations. Thus the distances and corresponding
energies of interaction calculated are approximations. For
small particles with high surface charge density, the
electric double layer repulsion is believed to be the
dominant force in a coating suspension.
Interaction Energy
6 (J x 10^19)
2 - Electric Double Layer Repulsion
0
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Figure 14. Total potential energy of interaction of the
particles described in Figs. 12 and 13.
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Diffusion causes particles in solution to have some
translational and rotational velocity. Each particle has a
quantity of thermal energy of about kT. If two particles
were to collide, the collision would be buffered by electric
double layer repulsion. However, if the energy barrier, the
highest energy in Fig. 14, is small relative to kT, the
separation distance may become small enough that the van der
Waals attractive forces would dominate and the particles will
adhere to each other.
Dilute solution particles interact occasionally,
whereas, in a coating suspension, electric double layers
continually interact. Generally, the energy barrier for the
particles in a coating suspension is high enough to prevent
flocculation. During the occasional particle/particle
interaction in dilute suspensions, particles move away from
one another until the energy of interaction approaches zero
via rotational and translational motion. In concentrated
suspensions, a particle will reorient relative to its nearest
neighbors to minimize the interaction energy.
Hydrodynamic Forces
The motion of a particle as it passes another particle
causes a force to be exerted on the particle and vice versa.
Greatly simplified, this is the basis for modeling the
behavior of particles in a concentrated particle suspension
using the lubrication theory. Bousfield(ll) has described
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the force on a sphere as it travels toward a second identical
sphere:
F = 37xUa[1.5pln(P/(P-l) + 0.51 - 1/4p - 1 - 02/(P-1)] (7)
where u = Liquid viscosity
U = Particle velocity
a = Particle radius
b = (ho + a)/a
ho = Half the particle separation distance
F = Force felt by the particle in the
presence of another particle
Therefore, as the particles come together B->1 and the
force goes to infinity. Figure 15 shows the decreasing













Figure 15. The dimensionless force (F/67tUa) on each sphere
as a function of the gap distance. From Bousfield(l1)
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As in the case of van der Waals forces, the motion of
every particle in the system has an influence on the motion
of every other particle of the system. Simulating the
interaction of the hydrodynamic forces on particles in
suspension is impossible without some simplifications.
Bousfield(ll) neglected the colloidal forces and assumed any
long range forces to be insignificant in a concentrated
suspension. Through the use of a resistance matrix to
represent the forces acting on all the particles at any one
time and pair-wise calculations, he simulated the motion of
several spheres under different boundary conditions (Fig. 4)
In dilute solution, it is convenient to consider
particles as if they have a velocity relative to one another,
in which case the lubrication forces (forces caused by the
velocity difference between particles) may be significant.
If, for concentrated suspensions, the shear forces imparted
by metering and fluid flow caused by absorption into the
substrate are neglected, then the relative velocities of
particles may be neglected and lubrication forces are
probably not important. .
Summary of Particle-Particle Interactions
In order to predict the behavior of a suspension of
particles, one must consider van der Waals attractive forces,
electric double layer repulsion and hydrodynamic forces
induced by relative particle motion. A balance of these
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forces is required for dispersion of pigment particles;
however, changing the factors affecting any of the forces
will cause a change in the suspension properties and
potentially cause a change in the packing structure of the
dry film.
HYPOTHESIS - CONSOLIDATION MECHANISM
Lepoutre and co-workers(6,7,8,29) have proposed the
existence of two critical concentrations a coating
experiences during drying. The first critical concentration
is defined as the solids level where surface gloss begins to
drop rapidly. This is the point where enough of the excess
water has been removed from the coating suspension to break
the suspension; the pigment particles have formed a semi-
rigid network, which, through restricted consolidation,
supports capillary conduction to the evaporation surface.
Figure la shows that almost all the consolidation occurs
prior to the first critical concentration.
The second critical concentration occurs shortly after
the first critical concentration. It is defined as the point
where the opacity of the coating film begins to increase
rapidly. At the second critical concentration, consolidation
ceases and the capillaries can no longer shrink to
accommodate capillary flow to the coating surface. As a
result, the capillaries begin to drain the largest reservoirs
(fluid filled spaces between pigment particles) to supply the
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surface with liquid for evaporation(30,31). The creation of
air/solid interfaces causes an increase in the amount of
scattered light, thus increasing opacity.
Because almost all consolidation occurs before the first
critical concentration and because particle mobility is
highest prior to the second critical concentration, a study
of the effects of drying rate needs to consider the forces
acting on the particles between metering and the second
critical concentration.
Evaporation of liquid from the coating film reduces the
volume of water available for particle motion and, through
increased electrolyte concentration(61,87,92,94,95),
increases the van der Waals contribution of particle/particle
interactions. In response to the interparticle forces, the
particles change orientation to minimize the interaction
energy between particles. At short interparticle distances,
van der Waals forces restrict the ability of the particles to
react to shear stresses and eventually cause flocculation and
immobilization. An underlying assumption is that the
electric double layer repulsion between particles dominates
van der Waals attractive forces in the initial coating
suspension. This assumption appears to be reasonable
considering that the coating suspension has been made to be
stable; particles are chosen to have high surface charge
densities and usually a polymer dispersant is adsorbed onto
the surface to provide some steric stabilization as well.
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Agglomeration of particles begins near the first
critical concentration. As the suspension approaches the
first critical concentration, the clay platelets orient with
their faces parallel to each other forming face-to-face
flocs. Aggregates grow by adding particles in a face-to-face
orientation to flocs until a particle becomes bound in a non-
parallel orientation. An aggregation about the "new"
orientation forms on the "out of plane" particle. The out of
plane particle may also act as a bridge between oriented
agglomerates. The net result is two types of pores: those
within the aggregates and those between the aggregates. The
pores between the aggregates are an order of magnitude larger
than those within the aggregates(79,81).
The packing phenomenon discussed above helps explain the
existence of second critical concentration. The
consolidation which occurs between the first and second
critical concentrations may result from the compaction of
aggregates by capillary forces. As agglomerates slide past
one another, capillary volume continues to decrease, enabling
the system to support evaporation at the coating surface
without draining the large pores. Consolidation ends when
the attractive force between agglomerates becomes large
enough to fix them in place within the coating.
In summary, coatings consolidate as water is evaporated
from the surface. Particles remain in suspension as long as
repulsive electric double layer forces and hydrodynamic
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forces are dominant over van der Waals attractive forces.
Particle packing is determined by the ability of the
suspension to react to increased particle interaction caused
by compaction as water is removed.
Particles, given time and sufficient space, will
reorient to minimize the energy of interaction.
Reorientation increases the density of the structure in
suspension until, at a given solids concentration, van der
Waals forces cause the particles to aggregate. Aggregated
particles form a network of capillaries which support liquid
flow to the surface for evaporation. At the first critical
concentration loss of the continuous liquid film on the
surface of the coating occurs.
Consolidation continues as the aggregates are pulled
together by capillary forces. When attractive forces prevent
any further collapse of the structure, the largest pores of
the coating are drained to support surface evaporation. The
solids concentration when the voids begin to drain is known
as the second critical concentration, and is characterized by
a rapid increase in opacity of the coating film. Drying is
completed by draining the remaining pores in order from
largest to smallest.
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HYPOTHESIS - PACKING STRUCTURE
Assuming that the coating behaves as a particle
suspension in the form of a film when applied to the
substrate, then the colloidal structures discussed in the
Background section may be present in the coating film.
In a dilute suspension, particles have enough free
volume to rotate about their axis without hindrance from
their neighbors. The structure of the suspension will be
random at any given moment in time. A schematic is shown in
Figure 16a of a plate-like material in an eight per cent
suspension by volume. Interactions occur as the particles
approach one another; however, there is ample room for
response, thus each particle can achieve minimum energy of
interaction.
The concentration of a typical clay coating is almost
five times that of the above example. As shown in Fig. 16b,
the particles have little room to move and are in close
proximity so that they strongly interact. They also appear
to have regions of organization where particles are oriented
parallel to one another. If the suspension volume were
reduced by 10%, the particles would move relative to their
nearest neighbors to achieve minimum interaction energy.
This action results in an increase in parallel orientation.
Continuing the consolidation would eventually result in the
dominance of attractive forces and immobilization of the
suspension. The packing structure would consist of a series
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of randomly oriented aggregates made up of several clay
platelets in face-to-face orientation.
sion a % y. % y,\ s 1 T s
dispersion on two sides. The dispersion is assumed to be
Krieger(63) has demonstrated that the air interface imparts
an orienting force on suspended particles, causing them to
pack in ordered structures. Schneider and Rippin(38)have
observed that solid boundaries also have an influence on the
packing structure of the particles near them. Therefore, a
hypothesis for describing the packing structure of a thin
film must account for the boundary effects.
Plate-like particles near boundaries will be
rotationally restricted. As the surface does not repel
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particles as other particles do, particles tend to orient
with their largest face parallel to the surface. Once in
this position, surface particles experience little motion and
orientation of subsequent layers will occur with respect to
the surface particles. Local parallel organization near the
surface will dissipate with depth due to a reduction of
rotational restrictions.
The substrate, another boundary, also serves to orient
suspended particles. Upon application, some particles adhere
to the surface forming a layer of rigidly-held particles
which serves as a template for the neighboring particles.
The particles which adhere to the substrate have some
parallel orientation due to the shear during metering.
However, the extent of the parallel orientation will not be
as great as at the air interface because the particles are
held in place in the orientation that they were applied. The
particles at the film surface are able to move to achieve
axial orientation. The resultant packing structure near the
substrate will mirror the surface structure, except that it
will tend to have less organization parallel to the
substrate. The resultant structure of the dry film will be
made up of particles of greater axial orientation near the
boundaries while the bulk of the coating will have more
random orientation. Figure 17 is a schematic of the proposed
coating structure.
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Figure 17. Schematic drawing of the hypothesized structure
of a coating of uniform plates.
HYPOTHESIS - EFFECT OF DRYING RATE
For the purpose of this study, it will be assumed that
the Gouy-Chapman double layer model is adequate and that the
hypotheses for the consolidation mechanism and the structure
of a suspension are accurate. Using these earlier models it
is assumed that electric double layer forces dominate and
that particles may reorient in response to external stresses
applied to a coating suspension. The response or
reorientation of the particles, being dependent on
translational diffusion, rotational diffusion, the magnitude
of the double layer repulsion, and gravity (gravity is
significant only at very long times)(96), is a time dependent
phenomenon. Therefore, the rate at which a coating is
dewatered should affect the packing structure of the coating
film.
Drying a coating film at a slow rate will allow
sufficient time for the particles to rearrange into dense
structures. The time necessary for rearrangement is a
function of the rate of rotational diffusion of a particle:
approximately 2.5 seconds for a 90° rotation. The density
through the z-direction (cross-section) of the coating film
will reflect the structures near the boundaries. The surface
layer and the layer near the substrate will have a net
particle orientation parallel to the coating axis. The inner
layers of the film will be less axially oriented but will
retain the face-to-face particle orientation.
Fast drying of a coating layer limits the time for
particle response to consolidation forces. The resultant
coating will be less ordered than the same coating dried at a
slow rate. Less order implies greater relative pore volume
for the films dried at high rates. The density profile
through the cross-section will also reflect the disorder of
the structure. It will have dense areas near the boundaries,
but the depth of those layers will be smaller than for slowly
dried coatings. The bulk of the coating will be more
randomly ordered with less face-to-face orientation.
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The total pore volume of a coating film will increase as
drying rate increases. The pore volume distribution through
the thickness of a coating dried at a high rate will have a
larger density variation than a coating dried slowly.
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EXPERIMENTAL APPROACH
The preceding hypotheses are based on the dynamic
consolidation of a colloidal dispersion. The properties of
the dispersion and the changes which occur during
consolidation are directly related to the packing structure
of the dry pigment film. Evidence for testing the hypotheses
can therefore be obtained from the features or
characteristics of the structure of the film. Experimental
challenges include quantifying the packing structure, and
production of coatings dried at different rates without
changing other variables that affect coating structure.
QUANTIFYING COATING STRUCTURE
For the purpose of this study, coating structure is
defined as the spatial distribution of the components of the
coating film. A spatial description of the components is
useful for estimating the effect packing structure may have
on the physical properties of a film. The hypotheses
describe the coating film as dense near the interfaces and
bulky in between; locating the coating components provides
the information to test the hypotheses. Experimental
techniques used to test the stated hypotheses must be capable
of quantifying the packing structure of coating films through
a description of the spatial arrangement of the coating
components.
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For pigment suspensions such as coating colors, the
literature describes bulk characteristics of pigment packing
structures and changes in those structures which cause
changes in coating properties. The literature also describes
the packing structures of concentrated suspensions and the
physical changes which occur during consolidation. From
knowledge of the pigment structure in suspension and the
structure of the consolidated suspension, a mechanism
describing the consolidation of the suspension can be
deduced. A set of experiments which determine the effects of
drying rate on coating structure should provide the knowledge
necessary to conclude how the structures are formed.
The nature of a coating renders this relatively simple-
sounding approach difficult. A coating consists of three
basic components: pigment, binder, and air. A simple
recording of the position of each part is hindered not only
by the size of the components but also bytheir proximity.
Binder and pigment can not be separated without disturbing
the position of one or the other. Even if it were possible,
one would be unable to tell the difference between voids left
by the absent component and voids present prior to component
separation. To overcome this problem, bulk properties of
coating films are often measured and then related
theoretically to the packing structure. For example, the
density of a coating is determined from its dimensions and
mass. Measured densities and the densities of the components
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are used to calculate void volumes of coatings. The void
volume has been experimentally related to several physical
properties of the coating. However, information on the
spatial distribution of the components cannot be derived from
the density.
Techniques have been developed that yield information
about coating structure besides the void volume. For
example, the light scattering ability of the coating has been
shown to be a function of pore size(5). Techniques have been
developed for quantifying surface topography(2) and pore
volume(4,97) in efforts to predict printing quality. In order
to predict ink absorption, opacity, and coating strength,
techniques for measuring the pore size distributions have
been developed(5,98,99). None of these methods, although
useful for predicting the desired property, describe the
spatial distribution of the coating components.
The technique used to quantify the coating structure for
this study must be able to either directly or indirectly
determine the relative locations of the coating components.
In principle, the coating components could be picked out one
at a time and their position in space recorded. In practice
this is impossible, but the technology to measure the
relative location of the components from planar images is
available and has been used to measure pore size
distributions in coatings(5) and to determine the density
profiles in paper(100).
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Areal measurements of the components can be made from
planar images. The relative areas obtained are directly
related to volumetric features through the principles of
stereology(101,102,103). Three-dimensional analysis is
insured statistically by analyzing images of coating cross-
sections which have been cut at random angles perpendicular
to the plane of the coating film. Distributions of
components through the thickness of coatings can be
determined, thereby producing the density profiles necessary
for analysis of the stated hypotheses.
Areal measurements are made optically and are usually
incapable of distinguishing between chemically different
materials which have nearly the same optical or electron
density (In our case, coating binders and epoxy resins used
to embed coatings were both carbon-based polymers and have
nearly the same electron density). This limitation may be
overcome by eliminating all the solid components except one.
For example, instead of producing coatings containing two
solid components, pigment and binder, a coating could be made
using only one solid component - the pigment. Analysisof a
cross-section of such a coating would require only
differentiation between the pigment and the voids.
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COATING FILM PRODUCTION
Every aspect of the coating process has been shown to
affect the properties of coatings which relate to their
structure(17-26). All variables which affect coating
structure during coating production are interrelated;
changing variables early in the coating process will affect
how subsequent variables influence coating structure. To
produce different coating films which are only different in
their drying rate requires that all process variables be
controlled.
The variables in the coating process can be divided into
three groups; materials, metering, and drying. Materials
include the coating components, the coating dispersion and
the substrate. The substrate roughness and porosity
contribute to coating structure and are difficult to
quantify. Both can be eliminated by coating a smooth,
nonporous material. Other materials can not be eliminated
but can be characterized. The effects of pigment chemistry
can be avoided by choosing a single pigment. The effects of
particle geometry and particle shape can be eliminated by
using the same material throughout the study. The coating
dispersion can be produced by reproducible methods and,
therefore, also be held constant throughout the study.
The shear on coatings which occurs during metering has
been shown to align clay particles(20). Quantification of
the effect is difficult and, as a result, the variable must
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be eliminated or controlled during drying studies.
Applicators which employ blades or nips use pressure to
control coat weight and impart high shear rates at the point
of metering. Pressure devices are not compatible with smooth
non-porous substrates because they "scrape" the substrate
clean during metering. For these reasons blade and nip
applicators may only be used for this type of drying study
with difficulty.
Shear during metering cannot be completely eliminated,
but it can be significantly reduced by using volumetric
metering devices such as Bird bars or Meyer rods. Volumetric
applicators control coat weight by allowing a specific
thickness or volume of coating color through a gap between
the substrate and the metering device. Coating applications
using the same device and following the same procedure should
yield potentially consistent coat weights and structures.
Drying coating films usually involves heating to aid in
evaporation of the liquid phase which is subsequently removed
from the coating surface by an air stream. Various factors
involved in drying processes may affect coating structure.
Movement of air across the coating surface imparts a
shear on the coating and also contributes to heat and mass
transfer rates. Changing air flow velocities to control
drying rates may result in a change in the shear rate on the
coating surface, potentially creating different packing
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structures of particles near the surface. Alternatively, the
temperature of the drying air may be raised to increase the
rate of heat transfer and the evaporation rate. Temperature
affects the viscosity of the liquid medium which will in turn
affect the hydrodynamic forces acting on the coating
particles. Diffusion rates and electric double layer
properties are also temperature-dependent. For these reasons
increasing the temperature to increase the drying rate may
also affect coating structure.
A third method of controlling the drying rate is to
control the relative humidity of the drying air. The
evaporation rate is dependent upon the relative humidity of
the air at the point of evaporation. Increasing the moisture
content of the drying air will slow evaporation of the water
from the coating. In this case, the only change in the
system is the dew point temperature. Because evaporation
occurs only at the surface of the coating prior to the
immobilization, the temperature should be of minimal
consequence to the coating structure. When relative humidity
is used to control the drying rate, all the drying factors
affecting the coating will remain constant except the rate of
consolidation.
Summary
The following steps are necessary to produce coatings
that differ only in their respective rates of consolidation:
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1) Eliminate the effects of substrate roughness and porosity
variations; 2) Hold the coating dispersion and coating
materials constant and well-defined; 3) Limit the shear rate
during metering and maintain a reproducible coat weight; and,
4) Change the drying rate without altering the drying
parameters that influence coating structure.
The use of a non-porous plastic substrate will suffice
to eliminate the effects of a non-uniform base sheet. A
single, well-characterized pigment in the coating color
limits the effect of size and geometry on the coating
structure. Coating dispersion preparations need only be
reproducible - standard methods have proven reliable.
Metering with a volumetric metering device limits the shear
rate on the coating and provides a reproducible coat weight.
Finally, changing the drying rate by controlling the mass
transfer through the relative saturation of the drying air
should produce coating films suitable for analysis and for
testing the hypotheses put forth in the previous section.
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MATERIALS AND METHODS
The following text contains a description of the
materials and equipment used in this project, including
details of the procedures for coating, drying and analysis of
the coating films.
COATING PIGMENTS
Researchers have reported that the size, shape and
chemistry of the particles used in a coating pigment affect
the packing density of coating films(14-16,26,37,57,104-111).
The pigment properties must be held constant to determine the
effects of drying rate on pigment packing structure
independently of pigment properties. Two different types of
pigment were chosen for this study. Each pigment was used in
an independent set of experiments and the results were
compared on a relative basis. One pigment was a delaminated
clay (Hydraprint) supplied by J.M. Huber Company and the
second was a polystyrene latex (Lytron 2503) supplied by
Morton International.
Clay Pigment
Hydraprint is a mechanically delaminated clay that has
been spray dried. Its physical properties as reported by the
supplier are shown in Table 11(112). Typical coating clays
are characterized by small narrowly distributed particle size
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distributions (i.e., #1 clay has 95% of the particles below 2
um and #2 clay has 85% of the particles below 2 um). A
delaminated clay was chosen because of its high aspect ratio
(12:1 compared to 8:1 for #1 clay) and broad size
distribution (documented below). For detecting changes in
packing structure, the large size facilitates visual
inspection of the structure. The large particle size
distribution increases the range of possible packing
geometries, and the high aspect ratio helps to insure that
regular packing will not occur.
Table II
Properties of Clay Pigment
Tappi Brightness 87.5% - 89%
Surface Area (m2 /g) 14
325 Mesh Residue 0.01%
Moisture 1.0%
pH (28% solids) 6.0-7.5
Viscosity (67% Solids) (cP) 350
Brookfield 20rpm
Specific Gravity (g/cm3 ) 2.60
Refractive Index 1.56
Because of the high aspect ratio of a Georgia
delaminated clay (12:1), equivalent spherical diameter is not
normally used to describe the particle size distribution.
The clay particle size distribution was determined by three
methods. Stokes settling(42) was used to fractionate the
clay into two fractions. The equivalent spherical diameter
(e.s.d.) of each fraction was measured using a Malvern
Zetasizer II. The fractionation method yielded some crude
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information about the clay size distribution. Table III
shows that two-thirds of the particles had a relatively small
mean e.s.d. of 0.67 um. The remaining third (the heavy
fraction) had a mean e.s.d. of 6.14 um, which is larger than
a typical #1 or #2 clay.
Table III
Sedimentation Fractionation of Clay
Fraction Weight % Mean e.s.d.
A 68% 669 nm
B 32% 6144 nm
Micrographs of clay platelets were acquired directly
from a JEOL JSM-35C SEM into a Tracor Northern TN-8502 image
analysis system. After calibration of the images, the
longest dimension for 200 particles was measured and
recorded. Results from the measured particles are shown in







0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9 2.25 2.75 3.5 12
Length of Major Axis (microns)
Figure 18. Frequency distribution of the semi-major axis for
Hydraprint, a delaminated clay.
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The number average semi-major axis of the clay was 0.92
um, which, from equation (4), has an average rotational
diffusion coefficient, DR, of 0.6 rad/s (68°/s) at 25°C.
A third method for documenting the size distribution of
the clay involves scanning electron microscopy, in which the
area of a face of the particle is measured and the diameter
is calculated as the square root of the area. Figure 19
shows that the calculated diameters from this technique were
distributed similarly to the previous results. The results
indicate that the delaminated clay used in this study had a
wide particle size range (0.1 um to >7 um) and a relatively
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Figure 19. Frequency distribution of particle diameter
calculated from 1000 particles as measured
automatically from backscatter images via SEM.
Size is not the only clay parameter of importance. The
electric double layer thickness and energy of interaction is
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dependent upon the surface charge per unit area of the clay.
The stability of the suspension and the repulsion forces
necessary for the reorientation of the particles during
consolidation are dependent on these properties. The zeta
potential of a particle, the potential at the slip plane, is
a relative indication of the surface potential(87). An
extremely positive or negative zeta potential is an indicator
of strong repulsion between particles.
The electrophoretic mobility of a particle, the measured
velocity of a particle in an electric field, may be
calculated from the zeta potential by the Smouluchowski
equation(95):
VE Be
UE = - = (8)
X 41i
where uE = electrophoretic mobility (pm/s per volt/cm)
VE = electrophoretic velocity (pm/s)
X = electric field (volt/cm)
= zeta potential (volts)
= permittivity of the medium (s4A2 /kgm 3 )
P = viscosity of medium (kg/m sec)
The electrophoretic mobility of the clay was measured by
a Malvern Zetasizer II at pH 9.0 and 25°C, in 0.01M KCl
solution. The average mobility was discovered to be -3.84
(im s-1)/(volt cm-1) ± 0.62. The corresponding zeta
potential was about -50 millivolts. The zeta potential was
sufficiently high that the dispersion was stable and the
particles experienced enough electric double layer repulsion
to develop dense packing structures during consolidation.
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Plastic Piqment
Spherical particles are used most commonly in packing
simulations and model systems to determine the packing
structure of particle beds or thin films(35,40,43-47,49-
51,63,113-116). The use of spheres is primarily due to the
relative ease with which their geometry can be mathematically
represented and manipulated. In order for the results of
this study to be compared to simulations and other coating
studies, a set of experiments was performed using a
polystyrene latex as the coating pigment. Latex pigments
suffer some disadvantages however, and for this reason, they
were not chosen as the primary pigment.
Commercially available latexes can be obtained that are
relatively monodispersed, allowing models like those of
Bernal(44,45) and Dodds(51) to be used. However, electron
micrographs show (see Fig. 20) that latex particles do not
behave as hard spheres and, therefore, do not satisfy most
simulation criteria. In Fig. 20 a visible deviation in the
curvature of the particles can be seen where particles are in
contact. The hard sphere model requires the particles to
remain spherical in all situations. Latex particles have
another disadvantage. Monodispersed spherical particles have
a limited range of possible packing densities(35). The
limited number of conformations available in a system
composed of monodispersed particles may limit the ability to
detect changes in packing structure.
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The spherical particles used in this study were a
polystyrene/acrylate copolymer, Lytron 2503, donated by
Morton Chemical. Table IV contains the properties of the
latex as determined by the supplier(117). Particle size
analyses were supplied by Morton Chemical as determined by
centrifugation techniques - results are shown in Fig. 21.
Lytron 2503 has an average diameter of 0.39 am with a bimodal
particle size distribution having peaks at 0.42 um and 0.35 u
m. Examination of the latex using a SEM qualitatively
confirmed the bimodal particle size distribution determined
by the centrifugation technique.
Figure 20. Micrograph of Lytron 2503, polystyrene latex
coating on plastic film. Particle surfaces appear
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Figure 21. Particle size distribution for Lytron 2503,
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COATING DISPERSIONS
Hydraprint, a delaminated Georgia kaolin, was received
as a powder. The clay was suspended at 60% solids in
distilled water which had been adjusted to a pH of 9 with
0.1N NaOH. Suspensions were made by slowly adding dry clay
to the water while mixing at high speed with a dual impeller
laboratory mixer. Mixing was continued at high speed for 20
minutes after addition of the dry clay. Brookfield viscosity
of the coating was about 350 cP at 20 RPM and 23°C. Solids
content was determined from the difference between the mass
of the wet coating and the same coating dried by heating to
104°C and maintaining that temperature for eight hours.
Plastic pigment coatings were used as received.
Dispersions were at 48.5% solids, pH 9, and a room
temperature Brookfield viscosity of 50 cP at 20 RPM.
COATING SUBSTRATES
Plastic Film
A non-porous substrate was chosen in order to avoid the
effects of local variations in porosity and roughness found
in paper systems. Coatings in each experiment were applied
to a plastic film (polyethylene terephthalate). The plastic
used was a 3M 700 PPC film used in plain paper copiers to
produce overhead transparencies. Prior to coating, the
plastic was washed with soap and water followed by an
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ammonia-based window cleaner. Plastic substrates were
attached either to glass or a polished metal plate. The
surface tension of a thin film of distilled water between the
plastic and the base plate was used to adhere the plastic to
the plates. Plastic substrates were taped along the leading
and trailing edges to hold them in place.
Polycarbonate Membrane Filters
To test the effect of dewatering by filtration with
simultaneous evaporation, a substrate of uniform porosity and
smoothness was necessary. Polycarbonate filters are
polycarbonate sheets that have been exposed to radiation and
etched with alkali to produce a random distribution of
cylindrical capillaries. Sheets 10 um thick were used having
a pore size of 0.2 um. Other filter properties were: 3 X 108
pores/cm 2 , 1.0 mg/cm2, a water bubble point of 82 psi, and a
water flow rate at 25°C of 20 ml/min/cm 2 .
COATING APPLICATORS
Meyer Rod
In some experiments coatings were applied and metered
with a #10 Meyer rod. A Meyer rod (Fig. 22) is a wire wound
rod which controls coat weight volumetrically. The amount of
coating that is not "scraped" off by the rod is a function of
the coarseness of the wire on the rod. For a clay coating at
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60% solids content, the #10 rod yielded a reproducible 20
g/m 2 coat weight.
Difficulties with consistent wettability of the plastic




Figure 22. Diagram of a #10 Meyer rod.
Bird Bar Applicator
The majority of coating applications performed during
this study were done with a Bird bar applicator (Fig. 23).
The Bird bar is a volumetric metering device which controls
coat weight by the gap width between the substrate and bar.
The #4 bar used in this study yielded coat weights of about
50 g/m 2 and 20 g/m 2 for 60% solids clay coatings and 50%
solids latex coatings respectively. Uniformity of the
coating is primarily a function of the uniformity of the
metering stroke. The bar must be pulled at a constant speed
during the entire stroke to obtain uniform coverage.
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Figure 23. A sketch of the bird bar coating applicator used
in this study.
IMMOBILIZATION SOLIDS
Watanabe and Lepoutre(7) have shown that when dried a
coating passes through a solids content at which the gloss
begins a rapid drop. The solids content at the gloss point
is called the first critical concentration (FCC). The
consolidation of the coating film is nearly complete at the
FCC(7) (Fig. lb). Because the change in gloss can be easily
detected and because the solids content is reproducible for
constant coat weight, the time to the gloss point can be used
to determine the drying rate of the coating.
The solids concentration at the gloss point was
determined for both coating pigments. The analyses were
gravimetric. The mass of wet coating and film was recorded
immediately after coating by setting the coated substrate and
a tared backing plate on a balance. The gloss of the coating
was visually monitored. At the gloss point, the mass of the
coating system was recorded. The difference in mass between
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the initial coating and the coating at the gloss point was
assumed to result from water evaporation. A simple
calculation involving the coat weight and initial coating
solids was performed to determine the solids at the gloss
point. Table V shows the results for clay coatings and latex
coatings.
Table V
Solids Concentration at the Gloss Point for Coatings Applied
by Hand to a Non-Porous Substrate
Coating Initial Coat Final
Pigment Solids Weight Solids Average
Clay 60.23% 50.32g/m2 77.21%
60.23% 49.70 78.15%
60.23% 49.89 77.93% 77.86%
59.87% 50.03 77.31% ± 0.51
59.87% 51.17 78.55%
59.87% 49.72 78.01%
Lytron 2503 48.53% 21.36g/m 2 61.99%
48.53% 20.54 63.20%
48.53% 20.50 63.81% 63.15%




The drying rate was calculated from the drying time to
the gloss point, the immobilization solids, the initial
solids and the coat weight (equation 9). It was assumed
that, regardless of the drying rate, the gloss point occurred
at the same solids content as measured under static
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conditions. This assumption is acceptable when the drying
rate has no effect on the packing structure of the coating.
Mass H20 initial - Mass H 20 gloss pt.
Drying Rate = (9)
Area * Time to gloss pt.
DRYING OF COATING FILMS
Preliminary Experiments
Coatings were applied to plastic films using a Meyer
rod. They were dried in a vacuum oven at room temperature at
approximately 0.1 torr. Identical coating formulations were
dried in the oven preheated to 120°C. A 100-watt light bulb
was mounted in the back of the vacuum oven to facilitate the
measurement of the time to the gloss point. The average
drying rate for coatings dried at 21°C was 0.12 kg/m2hr and
1.54 kg/m2hr for those dried at 120°C.
Each dry coating was visually inspected for coat weight
uniformity; nonuniform samples were discarded.
Drying Experiments and Apparatus
In order to separate the effect of drying rate from the
effect of temperature on coating structure, a system for
controlling the air temperature and humidity was designed and
built. Figure 24 is a schematic of the drying system and










Diagram of the apparatus used to dry hand
coatings in a controlled temperature and humidityenvironment.< 
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An electric heater and blower were used as a hot air
source. The hot drying air exiting the electric heater
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passed through the flow spreader and then the drying box.
The drying box had a false bottom so that wet coatings could
be slid into the air stream without disruption of the air
flow. Drying air exited the drying box into the feed line of
the blower, thus completing a closed air loop.
The pipe leading from the exit side of the drying box to
the inlet side of the pump had two access ports. The upper
port was used for steam injection to increase humidity and
the lower port was used to insert desiccant (Drierite) and/or
dry air to lower the humidity. The temperature and humidity
of the system was monitored using dry bulb and wet bulb
thermocouples mounted in the air stream at the inlet and
outlet of the drying box.
Drying Box
A batch-type drying system was designed and built to
control the drying environment and to facilitate the closure
of the drying air loop. Figures 25 and 26 are a photograph
and a diagram of the drying box respectively. The drying
chamber was a tunnel wide enough to contain an 8 x 6 inch
coating film. A low velocity (4.1 ft3/min) air stream
entered one end of the tunnel through the flow spreader and
exited through the conduit at the back end of the tunnel.
The coating served as the bottom of the tunnel over which the
drying air passed.
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The upper boundary of the chamber was a tempered glass
plate. The time to the gloss point was determined by
observing the coating through the glass window during drying.
The bottom of the chamber was one of two metal plates or
drawers. Each plate could be slid in and out of the drying
box. Only when both drawers were withdrawn was the air loop
broken. The top plate (false bottom) was inserted while the
system was equilibrating to the desired temperature and
humidity. The bottom plate was a tempered steel plate
polished to ±0.0005 inch tolerance. The wet coating was
applied to the substrate attached to the bottom drawer and
slid into the bottom slot (0.3 cm below the upper plate) and
the upper drawer was withdrawn. When the upper drawer was
removed the bottom drawer was exposed to the air stream.
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coatings are dried under controlled temperature
and relative humidity.
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Figure 27. Photograph of the drying system.
To continuously measure the temperature of the drying
air and the coating during drying, three thermocouples were
mounted inside the drying box. The lead wires for each
thermocouple were taped to the inside of the glass plate of
the drying box about 1 1/2 inches above the thermocouple.
The wires were stiff enough so that when the false bottom was
retracted the wires sprang into the coating film. One of the
three thermocouples was bent, so that, when the false bottom
was opened it fell to within 1/16 inch above the surface of
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the coating. Figure 28 is a sketch of the system before and
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Figure 28. Schematic of the thermocouples mounted inside the
drying box i) Before drying ii) During drying.
Continuous temperature acquisition was made using a
personal computer connected to the thermocouples through an
amplifier (EXP-16 Metrabyte board) and an A to D converter
(Das-8 Metrabyte Board). The hardware and software used for
temperature acquisition are described in Appendix II.
Coater Preparation
Low Humidity
In order to obtain constant temperature and humidity
within the drying system, it was necessary for the blower to
reach constant temperature and for the heat loss to the room
to reach steady state. It was also necessary to purge dust
and particulate materials entrained in the air stream from
i
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the system. With the blower and heater running, both drawers
of the drying box were retracted and left open for 30 minutes
to purge dirt from the system. After 30 minutes, the top
drawer of the drying box was closed and a dry air source was
connected to the drier line.
Air with a pressure of 5 psig was passed through a flask
of desiccant (Drierite) and into the drier line. After 15
minutes, the air in the drying system reached an equilibrium
relative humidity (RH) near 15%. The equilibrium RH varied
between 12% and 18% RH depending on the temperature of the
drying air. Adjustments to relative humidity were made with
steam and/or desiccant which could be inserted into the drop
leg of the recirculation line.
Medium and High Relative Humidity
Low pressure steam was used to raise the humidity of the
drying air. A steam source was attached to the drier line a
foot below the drying box exhaust. Steam was injected into
the air line until condensation was visible on the glass
window in the drying box. After removal of the steam source,
leakage of ambient air and a low velocity injection of dry
air caused the RH of the system to drop. The drop in
relative humidity with time was reproducible, as long as
saturation was the starting point. By starting the drying
process at different lengths of time after steam injection,
it was possible to obtain different levels of relative
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humidity. High humidity drying was performed at about five
minutes after steam injection. In this case, the relative
humidity was 80% to 85%. Medium humidity drying (55% RH) was
performed at about 21 minutes after injection.
Coating Application
Preparation of the substrate, coating plate and coating
were important to the application process. Condensation of
moisture from the drying air onto the coating and backing
plate was found to occur when room temperature coatings were
dried under high relative humidity. The temperature
difference between the coating and the drier air caused the
air near the surface of the coating to cool. Cooling the
drier air reduced its saturation point and increased the
relative humidity to 100% at the coating surface resulting in
condensation. Condensation was avoided by heating the
coating, coating plate, and substrate to 5°C above the drying
air temperature prior to coating.
The coating plate was preheated in a stream of tap
water. The substrate was held flat to the plate by laying it
down over a thin film of distilled water. It was anchored at
the top and bottom with transparent tape. The shims (or
tracks) for the Bird bar were attached to the coating plate
the same way. The assembled plate was placed in a preheated
oven for 15 minutes prior to coating. Figure 29 is a diagram
of the assembled coating plate.
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Figure 29. Diagram of the coating plate (bottom drawer)
assembled for coating and insertion into the
drying box.
The coatings (polystyrene latex and delaminated clay)
were heated in a water bath to the desired temperature.
Coatings were removed from the bath prior to application;
however, the containers were covered to prevent excessive
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Excess coating was puddled on the transparent tape at
the leading edge of the substrate. The bird bar was pulled
in an even stroke through the puddle and down the length of
the substrate past the transparent tape at the trailing edge.
As quickly as possible, the coating plate was inserted into
the bottom slot on the drying box and the upper drawer was
retracted. Elapsed time from the point where the coating
plate was removed from the oven to the point where the coated
plate was exposed to drying was about 35 seconds. The time
lapse from coating application to the start of drying in the
drier was about 7 seconds.
Determination of Drying Rate
The drying rate was determined from the time necessary
to reach the gloss point. The gloss point was determined
visually. A stop watch was started as the leading edge of
the top drawer passed a point 5 inches from the inlet of the
drying box as it was retracted. The watch was stopped as the
coating, at the 5 inch point, lost its glossy, wet-like
appearance. The gloss line was easily detected and the time
was reproducible. The average drying rate to the gloss point
was calculated using equation 9.
COATING TEMPERATURE DETERMINATION DURING DRYING
Coating temperature during drying was measured via the
thermocouples described earlier. Because the thermocouples,
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dropped into the coating from the roof of the drying tunnel,
were larger than the coating layer was thick, they were
exposed to both the coating and the drier air. As a result,
the coating temperatures measured during the coating trials
were believed to be inaccurate. The acquisition of the
coating temperature during drying was desired to determine if
there was a temperature gradient present in the coating layer
during drying, and to determine the extent of cooling of the
coating layer caused by evaporation from the surface. An
alternative method was used to measure the interface
temperature between the coating and the substrate.
Thin film resistors have been used to measure
temperatures of interfaces and surfaces under a variety of
conditions(118-122). Platinum resistors have been used by
Bellhouse and Bellhouse to measure the skin friction of air,
blood and water(118). Grant et al.(119) used platinum thin
film resistors to measure the temperature fluctuations in
turbulent sea water. Hanson(120), Waterhouse and Scott(121)
each used platinum thin film resistors to measure the heat
transfer at solid-gas interfaces in a shock wave. Meyer's
theories(122), proposed during development of a meter for use
with thin film thermometers to measure heat flux, have
enabled thin film resistor use in studies of dynamic heat
transfer processes.
Thin film resistance thermometers were used to determine
the coating temperature and the heat transfer rates during
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drying. To avoid disrupting the air flow pattern near the
surface of the plate, and to avoid variations in thickness of
coating caused by thermometers placed under the coating, thin
platinum films were fired into a piece of window glass. The
glass plate was of the same dimensions as the polished steel
backing plate used to support the coating substrate.
Hanovia #05 platinum ceramic paint (2 grams) was
purchased from Dolphin Ceramics in Jacksonville, Florida.
The paint was composed of platinum suspended in a camphor-
based medium. Platinum paint was brushed onto the surface of
the glass plate, previously cleaned with concentrated
sulfuric acid followed by acetone, using a #3 artist paint
brush. Film shape and dimensions were controlled by masking
the glass with tape. The paint was allowed to set and a
second coat was painted over the first. The glass plate was
then fired in a muffle furnace, while placed atop a flat
steel plate on four masonry bricks. The furnace was heated
at 100°C/hr to 640°C where it was held for 10 minutes. The
glass was cooled slowly in the furnace with the door slightly
ajar.
Leads from the resistors to the edge of the glass plate
were made of a silver paint applied like the platinum paint
and fired at the same time as the platinum films. The silver
leads were polished with a number 7 white polishing compound.
The resistors and leads on the glass plate were covered with
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a thin layer of formvar (polyvinlyformal) to prevent shorting
through the wet coating.
Figure 30. Diagram of the glass plate used to measure
interface temperatures in the drying system for
hand coatings.
Twenty-two gauge copper wires were soldered to the ends
of the silver leads using standard 60/40 rosin core solder.
To relieve stress at the solder joints, terminal connectors
were glued to the bottom of the glass. The copper leads were
threaded through the terminals and pinched in position. The
opposite ends of the wires (about six inches from the end of
the glass plate) were fitted with male couplers. Female
couplers were connected to similar copper wires which







continuous measurement of the resistance of the platinum
films.
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temperature between the coating and the substrate
during drying
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Each Figure 31. Photograph of the glass plate fitted with thin filmtemperature between the coating and the substrateTemperature Acjuisition SystemFigure 31. Phoistograph on the glass plate fittserved withas one leg of a
Wheatstone bridge (Figs. 32 and 33). When a constant current
is applied to the bridge the first order change in bridge
output with resistance is:
AE = iAR (10)
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where AE is the change in voltage across the bridge, i is
the current and AR is the change in resistance. The
resistance of most metals, including thin films, is
approximated by(123):
R = Ro[1 + a(T-To)] (11)
where Ro is the reference resistance at reference temperature
To, R is the resistance of the film at a temperature T, and a
is the temperature coefficient of resistance (TCR). The
magnitude of the TCR is dependent upon the thickness and
composition of the film. It is usually determined from the
slope of a temperature resistance curve developed for each
resistor. Combining equations 10 and 11 an expression for
change in temperature as a function of the change in voltage
across the bridge circuit can be derived:
AT = AE/(iaRo) (12)
Using the same acquisition system used to acquire
thermocouple data, the voltage across the Wheatstone bridges
was measured as a function of time. Therefore, by expressing
the change in voltage as a function of time, the change in
temperature at the resistor can be calculated as a function
of time:






3 v and 300 mA
Wheatstone bridge arrangement used for
determination of the resistance change of the
platinum films on glass.
--- - --
Figure 33. Photograph of the circuit board of Wheatstone
bridges used in measuring the resistance of
platinum thin film resistors during drying.
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A temperature/resistance curve for each resistor was
developed by measuring its resistance after equilibrating in
an oven held at a known temperature. At the same time, the
voltage across the corresponding Wheatstone bridge,
previously balanced at 0°C, was measured. A second trial was
conducted using an oil bath. The resistors were immersed in
oil and held at constant temperature for twenty minutes, at
which time the resistance and voltage across each bridge was
measured. The TCR was calculated from the resistance data,
and l/iaRo was determined from the voltage data. Table VI





































Interface Temperature Measurement in Drier
The resistors in the glass plate were used to measure
the temperature at the coating/substrate interface during
drying. Trials were conducted under various conditions to
obtain temperature response curves in the experimental drier.
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The glass plate was handled in the same fashion as the
coating base plate during the coating trials except that no



















Parameters Used to Measure Temperature Response
During Drying in the Experimental Drier
Trial Air Application Relative
Code Temperature Temperature Humidity
(°C) (°C) (%)
L-PT4 53°C 23°C no coat:
i-PT6 53°C 58°C no coat:
L7 52°C 54°C 15%
L8 52°C 54°C 15%
L9 52°C 54°C 15%
20 52°C 54°C 25%
21 52°C 54°C 85%
22 34°C 35°C 15%
23 34°C 35°C 15%
24 35°C 36°C 15%
25 35°C 36°C 85%
26 35°C 36°C 85%
27 35°C 36°C 85%






Preliminary drying experiments performed in the vacuum
oven were designed to determine if a change in the coating
structure could be obtained by changing the drying
conditions. Different drying rates were at first obtained by
drying at two different temperatures 100°C apart; because of
the manner in which the drying rate was changed it was
impossible to tell if changes in coating structure were
caused by the temperature difference, the change in drying
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rate or both. In contrast, by using the drying apparatus
described earlier, the temperature and evaporation rate could
be controlled independently through control of the relative
humidity at a fixed temperature. A set of coating trials was
performed using the experimental drier to test the effect of
drying rate (only) on coating structure.
The experimental plan involved a 23 factorial design.
The two variables were temperature and humidity. Three
levels of each variable were chosen to produce mild drying
conditions and extreme or harsh drying conditions as well as
a level in between. Table VIII contains a summary of the
conditions employed in each trial.
Table VIII
Experimental Parameters of Coating Trials
Clay and Latex Coatings on Plastic
Sample Pig. Air Rel. Time After
Code Type Temp. Humid. n Steaming
(°C) (%) (min.)
T75R15 clay 73°C 16% 4 --
T75R85 c 73°C 83% 4 2
T55R15 c 57°C 14% 8 --
latex 56°C 15% 4 --
T55R55 c 55°C 56% 4 21
1 55°C 56% 4 21
T55R85 c 56°C 85% 8 5
1 55°C 86% 4 5
T35R15 c 34°C 16% 4 --
1 35°C 15% 4 --
T35R55 c 34°C 53% 4 23
1 35°C 54% 4 23
T35R85 c 34°C 86% 4 7





































Clay and Latex Coatings on Membrane Filter
Sample Pig. Air Rel. Time After
Code Type Temp. Humid. n Steaming
(°C) (%) (min.)
T55R15p c 55°C 14% 1
1 56°C 15% 1 --
T55R55p c 57°C 55% 1 21
1 55°C 56% 1 21
T55R85p c 56°C 83% 1 5
1 54°C 86% 1 5
T35R15p c 34°C 15% 1 --
1 35°C 16% 1













Several problems were encountered during the coating
trials. The latex dispersion was discovered to be unstable
above 73°C. Above 73°C pigment flocculation made uniform
coating impossible. In addition, all the clay coatings dried
at 73°C and 55% relative humidity had significant coat weight
variability, and thus, were omitted from the analysis.
Additional trials under those conditions were not performed
because a significant range of drying rates was obtained in
other trials. Coatings applied to the porous media were
fragile and tended to disintegrate during transport,
disrupting the structure of the coating. Several areas with
minimal damage were salvaged for analysis, but the
statistical significance of these analyses is suspect.
The acceptable coatings from the trials described above






Samples for coating structure analysis were cut from the
coated plastic film with a razor blade. Figure 34 is a







Figure 34. Sketch of the locations from which the samples
for embedding and sectioning were cut from a




Samples cut from the coated plastic film were dried
under vacuum for three days. Dried samples were placed in
embedding capsules and covered with freshly made, ultra low
viscosity embedding resin (purchased from Electron Microscopy
Sciences). The capsules were returned to the desiccator and
placed under a vacuum until the surface of the samples
released entrapped air. The capsules were left in the
desiccator for two days before beginning polymerization of
the resin. Polymerization was accomplished by heating the
capsules to 70°C and holding them at that temperature for 12
hours. The embedding capsules were cut away from the
embedded samples and discarded.
The latex pigment was found to be soluble in most
embedding resins; those in which it was not soluble caused
dispersion of the latex particles. No successfully embedded
samples were obtained from polystyrene/acrylate coatings.
Sectioning
Sectioning was performed according to Abad's
technique(124). Thin sections (<O.l1m), were made by cutting
embedded coatings with a diamond knife, at a sectioning angle
of 6°. Sections were floated onto distilled water and
compression wrinkles were relieved with 1,2-dichloroethane
vapors. Sections were collected on 2000 um single hole
nickel grids and placed face down on a thin formvar film.
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Sections were dried under high humidity at 60°C on a hot
plate. Grids were punched through the formvar film,
collected and stored.
Four sections were cut from at least three embedded
samples of each coating. The sections were examined with a
stereomicroscope and prioritized by apparent damage for
examination by transmission electron microscopy (TEM).
MICROSCOPY EXAMINATION
Scanning Electron Microscopy
Samples were examined using a JEOL 35C scanning electron
microscope (SEM). Resolution of the surface of a thin
coating cross-section was good at low magnification (500X).
At the magnifications suitable for resolution of individual
clay particles, adequate resolution was not obtained.
Transmission Electron Microscopy
Microscope time was purchased from the Department of
Ultramicrostructural Research at the University of Georgia in
Athens (Mark Farmer) and the Department of Biology at Georgia
State University (Robert Simmons). Micrograph negatives were
developed by the author in the dark rooms provided by the
above Universities.
Each grid obtained from the sectioning procedure
contained between one and four sections. Each section was
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examined for continuity of the coating layer, number of holes
and amount of wrinkling. Sections with few holes, no
wrinkles and those containing areas which did not show signs
of damage prior to embedding, were photographed at 80 keV and
8,000X to 14,000X using a JEOL 100-CX II transmission
electron microscope. Because of the high magnification, more
than one micrograph was frequently necessary to capture
entire coating cross-sections. When more than one
photomicrograph was necessary, the photographed areas were
overlapped to avoid missing details.
PORE VOLUME
Total pore volume of a coating layer can be used as a
rough measure of the coating structure, and most end-use
properties of coated papers have been related to the total
void volume of the coating. For these reasons, studies of
the void fraction of various coatings can be found in the
literature(6,7,64,70). Measurement of the relative void
volume of the coatings produced in this study was necessary
to ensure that the coatings were comparable to other works
and as a method of checking the image analysis technique




Mercury porosimetry has been employed to measure the
pore size distribution of coating films(13,16,98,125). It
can also be used to measure the total pore volume. Briefly,
mercury is forced into the pores of an evacuated sample. The
volume of mercury forced into the pores per change in applied
pressure is used to determine the pore size distribution of
the sample. The total pore volume of the sample is
equivalent to the total volume of mercury intruded.
A large area (20 to 40 cm 2) of sample was required for
accurate measurement using mercury porosimetry, because of
the small volume per unit area of voids in a coating layer.
To accommodate the large area, samples were placed side by
side in the sample cell. The close proximity of the samples
resulted in apparent pores (intersample pores) whose size and
total volume were greater than pores usually found within a
coating layer (intrasample pores). To compensate for the
apparent pores, the void volume was calculated from the
difference between the volume of mercury intruded and the
volume of mercury in the intersample pores (Fig. 35).
Oil absorption
The oil absorption technique for measuring the total
pore volume of coatings applied to non-porous media described
by Lepoutre and Rezanowich(6) was modified to handle
binderless clay coatings.
-118-























Figure 35. Mercury porosimetry results from a clay coating
on non-porous media. a) Pore size distribution
showing regions of inter- and intra-sample pores.
b) Cumulative pore volume versus pore size showing















Samples cut from coated plastic were placed coating side
up on a piece of Whatman's #41 filter paper. Twenty drops of
vacuum pump oil (density 0.868 g/cm 3, refractive index
1.4806) were dropped onto the sample. The oil covered sample
was placed in a desiccator. A slight vacuum was pulled over
the sample for about 30 minutes or until the oil completely
spread on the coating surface (Fig. 36). The excess oil,
which appeared as a transparent glossy film on the surface,
was removed by blotting with filter paper until the
translucency of the sample disappeared. Samples were weighed
and the pore volume calculated from the coat weight and
densities of the clay and oil.
Coated Sample
Oil Drops Filter Paper
Start Finish
Figure 36. Schematic diagram of oil absorption test before
and after exposure to vacuum.
IMAGE ANALYSIS
Mercury porosimetry and oil absorption provide
quantitative information about the bulk structure of the
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coating. Different process variables may not affect the bulk
structure of the coating but may instead cause changes in the
local packing structure. It has been hypothesized here that
both the bulk and the local pigment packing are a function of
drying rate. Therefore, it was necessary for a technique to
be developed to measure the internal structure of coating
films.
Climpson and Taylor(5) and Andersson(100) have used
image analysis techniques to measure the internal structure
of coating films and paper respectively. From micrographs of
thin coating cross-sections, Climpson and Taylor measured the
pore size distribution using ellipsoid pores as a model.
Pore dimensions were calculated from the longest pore
projection on the x-y plane. From thin cross-sections of
paper, Andersson(100) measured the density distribution
through the paper thickness using image analysis.
The technique developed for this study was a combination
of the two procedures where both pore characteristics and
density distributions of the cross-sections were produced. _
The information from the analysis was used to test the
hypotheses stated earlier.
Technique Overview
Images obtained from the TEM observation of coating
cross-sections were used in the analysis. The images were
used as either photo positives or photo negatives. The only
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processing difference was the type of lighting (reflected or
transmitted) used during digitization of the image.
Micrograph negatives, although more difficult to use, were
preferred because dimensional changes and contrast problems
resulting from print making were eliminated.
Digitization of the TEM micrographs was accomplished
through an MTI Series 68 video camera. The signal from the
camera was received by a (512 x 512) frame grabber housed in
a Tracor Northern TN-8502 image analysis system. The frame
grabber assigned an intensity value to each pixel of the
camera image. The value assigned was between 0 and 255
depending on the magnitude of the signal received; the image
analysis computer therefore interpreted the image as a matrix
of intensity values. The picture shown in Fig. 37 is an
enlarged portion of an image with its corresponding intensity
or grey levels.
Once the image is in digital form it can be manipulated
mathematically. For instance, the matrix of intensities
representing the image can be multiplied or divided by a
constant to increase or decrease its brightness. The
intensity range can also be converted to a log function,
maximizing differences in the darker areas while minimizing
differences in the white areas; several other functions can
be applied to the intensity scale as well.
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Figure 37. a) Grey image. b) Grey (intensity) value
assigned to each location (pixel) of image a.
For quantitative analysis of the packing structure of a
coating film, it is necessary to differentiate between
pigment and pores. For differentiation, the grey level of
the pigment must be different from the grey level of the
pores; this being the case, the image can be altered
(converted to a binary image) to show regions of pores and
regions of pigment. A grey level is chosen which divides the
pores from the pigment, then every pixel or image element
that has a grey level greater than the divider is adjusted to
255 (or an intensity of 100%) and every pixel at or below the
level is turned off (or to 0%). The resultant image is black
and white, with (for example) the white areas representing
pores and the black areas representing pigment. The black





Using a copy stand, micrographs of coating cross-
sections were illuminated by four quartz lamps positioned two
feet above and 15 ° vertically offset from the micrograph.
Micrograph negatives were illuminated by a single quartz lamp
from below through a diffusing plastic sheet. Excess light
was limited by turning off the room lights and by blocking
the non-image areas on the copy stand with heavy corrugated
board. This action prevented over saturation of the camera
detector. The signal from the MTI Series 68 camera was
adjusted for size, focus, brightness and contrast while
watching a real time image as acquired by the Tracor image
analysis system. The images for processing were produced
from an average of one hundred frames received from the
camera. Kalman frame averaging was used to minimize random
spatial noise in the image. The image was calibrated
manually from the micrograph magnification and the known
width of the micrograph. For a typical digitized image each
micrometer was represented by forty five pixels.
Image Processing
Due to hardware and computer memory limitations some
resolution was lost and some contrast variation was
introduced during digitization. Some processing of the image
was necessary to facilitate the accurate conversion of the
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grey image to a binary image. For example, in Fig. 37, it
would be difficult to trace a line exactly separating the
pigment (white) from the voids. The pigment particles were
made more distinct with enhancement algorithms. For most of
the micrographs the edges of the pigment particles were
enhanced through the use of a sharpening filter. The
sharpening filter is a convolution filter used to adjust the
intensity of a pixel based on the intensity of the pixels
around it. The operation of convolution filters is described
in texts concerning image processing(126). Figure 38 shows






Figure 38. a) 3 x 3 Sharpening filter. b) Result of
applying the sharpening filter to a grey image.
The effect of the filter is dependent upon its size and
magnitude. The example in Fig. 38 uses a 3 x 3 sharpening
filter. The filter is designed to enhance the contrast along
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intensity lines. The size of the filter controls the size of
the regions that are separated; a 3 x 3 filter is not
efficient for enhancing the contrast differences of particles
larger than 15 to 20 square pixels. The smallest areas of
interest in the coating cross-sections were about 10 pixels
in the x-direction and 5 pixels in the z-direction. A 5 x 5
sharpening filter was used on each micrograph after contrast
adjustment.
Depending upon the quality of the micrograph, some
images needed contrast smoothing and all the images had
significant contrast variations. Contrast variations cause
problems in converting the image to a binary. If, for
example, in one portion of a micrograph the pigment particles
have a 20% higher intensity value than the pigment in another
portion, the area that has the higher intensity values could
have errors when the intensity level for binary conversion is
chosen; the pigment in the region of greater intensity could
be mistaken for pores. Figure 39 is a sketch illustrating
the potential problem of local contrast variations. In Fig.
39 the background intensity of 75 in the left half of the
image requires that intensity values 74 and below be
converted to 0 and pixels of intensities 75 and up be
converted to 255 for detection of the particles with
intensity 40. As shown on the right in Fig. 39, such a
conversion would cause the particles of intensity of 80 to be
erroneously analyzed as pores.
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Background
O~ so 0 ,Missing
grey level = 40
grey level = 80
Grey Image Binary Image
Figure 39. Sketch of problems contrast variations can cause
when converting a grey image to a binary image.
Two methods used in combination were employed to
overcome contrast variations. Using a 7 x 7 smoothing filter
repeated eight times, the images were smoothed until no fine
details remained. The operation of the smoothing filter is
shown in Fig. 40. The smoothed image was reversed (the dark
areas made light) and subtracted from the original image to
correct broad variations in contrast.
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Filter Pass Smooth Passes
Process [(1*100)+(1*108)+(1*105)+...+(1*141)] = 111
Figure 40. Operation of a smoothing filter.
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Contrast variations also existed that were not affected
by the smoothing filter. Local contrast variations were
handled using a Rank Smoothing filter. This filter is a
separable filter allowing independent treatment of the x and
y directions. A rank filter may be set to any dimensions and
does not necessarily have to be square. The rank of the
filter determines the value for replacement. The filter
ranks the values masked from highest to lowest; a 50% rank
filter would replace the center position with the middle
value of the ranking. Assuming a 10 pixel filter, a 20% rank
would place the second lowest value in the center position.
Subtracting the smoothed images from the originals resulted
in less local contrast variation.
Further correction for contrast variations was made by
dividing the micrograph into subunits for analysis. The
advantage was that the magnitude of the contrast variation
was combatted by changing the size of the area to process.
The procedure required that areas of parallel sides be
digitally cut from the image and pasted into another work
area. Conversion to a binary was made on the small pieces,
which were reassembled for analysis after conversion. The
pieces cut were 1/4 to 1/2 the width of a micrograph (1.5 to
3.5 um) and one micron thick. When reassembled, single
micron thick layers were analyzed to produce distributions of
pore properties across the coating thickness. The process is
shown in Fig. 41-45.
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Figure 41a. Original grey image and intensity values.
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Figure 41c. Smoothed image and intensities after one pass with a 20% Rank filter.
Figure 41b. Image from (a) after enhancement steps.
v
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Figure 41d. Grey image and Intensity values after subtracting images b and c.
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Grey image and intensity values after treating image (a) with a sharpening
Figure 41. Sequence of imaging processing for pore
distribution analysis. a) Original as acquired.
b) After contrast enhancement. c) Smoothed image
after one pass with a 20% rank filter. d)
Difference between image in b and in c. e) After






Figure 42. Original grey of an entire micrograph and a

















Figure 44. Assembly of the binary image followed by analy













Quantitative data from the coating cross-sections were
obtained from binary images. The technique used for
measuring pore parameters was pixel counting. Pore
characteristics were calculated from the calibrated size of
the pixel, the number of pixels in a pore area and a formula
relating the pixel quantity to a particular parameter.
The analyses were run on 1 um thick layers from cross-
sections; in this way, the data for the distribution of pore
volume through the coating thickness was obtained directly.
The pore area was measured and a relative pore area was
calculated as the ratio of pore area to the total area
analyzed. The ratio of areas was taken to be equivalent to
the ratio of volumes for each coating cross-section(103).
The process is shown schematically in Fig. 46.
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Figure 46. Schematic showing the typical method of analysis
for producing profile data of relative pore
volume.
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Several other pore parameters were determined during
analysis. The x and y ferets, which are the longest
projections of the pore on the x-axis and y-axis
respectively, were determined for each pore. The x and y
ferets were used as a crude indication of the shape of the
pores. Obviously, a pore that is part of a network of pores
is not accurately represented by these factors (Fig. 47). No
significant correlation with film thickness was found.
7T 7T
1E X-Feret j- X-Feret
I-Feret X-Feret
Y-Feret Y-Feret
Figure 47. Diagram of the x and y ferets for a symmetrical
and an asymmetrical pore.
The external perimeter of each pore was measured by
counting the pixels of a pore that were not completely
surrounded by pixels of the same pore. Assuming that there
are no orientation effects in the x-y plane of the coating,
then the external perimeter is a relative measure of the
surface area of the pores. As with the x and y ferets, no
correlation was found between the external perimeter and the
position in the thickness of the coating.
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The aspect ratio of each pore was calculated as a ratio
of its maximum projection and its width. The aspect ratio
also served as an indication of shape. It is different from
the x and y ferets in that its value is independent of pore
orientation. A pore that is rectangular in shape will have
the same aspect ratio regardless of its position relative to
the x-axis. However, the x and y ferets are sensitive to
direction; if the same pore was placed parallel to the x-axis
it will have different x and y ferets than the same pore
positioned perpendicular to the x-axis (Fig. 48). Because a
majority of the pores were interconnected, no significant
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Figure 48. Diagram demonstrating the effect of orientation
and interconnection on the ferets and aspect ratio
of a pore.
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Pore orientation was measured as the angle of the
maximum projection of the pore relative to the x-axis.
Orientation measurements suffered from the same problems as
the aspect ratio, in that networked pores do not have a
specific axis from which the orientation can be determined.
Pore orientation appeared to have a correlation with the
position through the coating thickness. However, statistical
treatment showed no positive correlation between pore
orientation and coating thickness at a 90% confidence
interval.
The results for the six parameter measurements were
tabulated for each micrometer-thick layer of the coating film
cross-sections. The average and standard deviation were
calculated and plotted for each layer in the thickness of the
film. Parameters which had significant correlations are
discussed later in this text.
Experiments
Although no measurements of packing structure have been
previously reported for the thickness direction, the accuracy
of the techniques described above can be checked relative to
the oil absorption and mercury porosimetry methods for total
pore volume.
To make the comparison among techniques, sixteen cross-
sections, oriented parallel to the coating direction, were
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analyzed from a single coating. The relative areas of the
samples were determined. The average and variance of the
total pore volume were then calculated and compared to the
results of the other techniques for the same coatings. The
results from the 16 samples were also used to determine the
number of specimens from a single coating necessary to
achieve consistent results.
To check the x-y plane symmetry of the pore structure,
eight additional samples from the same coating were cut
perpendicular to the coating direction (y-axis) and eight
cross-sections were cut at 45° to the coating direction.
Relative pore volumes were compared from all the sections.
Two other experimental parameters were analyzed for
their effect on the accuracy of the technique: magnification
and cross-section thickness. The magnification of the
micrograph will affect to the resolution of the pores and
particles. Too low a magnification results in pores which
are too small to be accurately differentiated via image
analysis, because the pigment particles and pores can become
as small or smaller than the pixels. Sections from the
sixteen samples cut parallel to the coating direction (x-
axis), were photographed at various magnifications (1000X,
3000X, 5000X, 8000X, 10,000X and 14,000X). The cross-
sections were analyzed for pore volume and the results
compared.
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The thickness of the cross-section is also important to
the technique's accuracy. A section which is sliced too
thick will contain pores that cannot be seen by transmission
microscopy. Therefore, the maximum section thickness must be
no thicker than the individual pore dimensions. For example,
if the pores in a coating occurred between 0.1 um thick
plates which were oriented with their faces parallel to the
thickness direction (z-direction), and if the cross-section
was cut 0.25 um thick, pores between the plates will be





Figure 49. Schematic of blind pores in a cross-section which
is too thick.
To determine the maximum thickness for accurate results,
cross-sections from the same coating were cut at several
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thicknesses. Each section was analyzed and the results
compared.
SUMMARY OF EXPERIMENTS
Polystyrene/acrylate latex and clay coatings were
applied to non-porous media using volumetric metering
devices, a Meyer rod and a Bird bar. The coatings were dried
at different rates using two separate methods. Initially
coatings were dried in an oven and drying rates were
controlled by the temperature. In later experiments, the
coatings were dried in a laminar flow air stream under
controlled humidity and temperature, each of which was
adjustable for production of a wide range of drying rates.
Total pore volume of dry coatings was tested using oil
absorption techniques. Other samples were embedded with an
epoxy resin and thin cross-sections were cut with a diamond
knife. The cross-sections were micrographed using a TEM and
the micrographs were digitized for analysis. The digitized
micrographs were first processed to produce sharper images.
They were then converted to binary images which separated the
pores from the pigment, and sequentially analyzed to
quantitatively determine the pore features.
To test the hypotheses about the effects of drying rate
on coating structure, analyses were conducted on micrometer-
thick layers from consecutive positions through the thickness
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of the coatings. Distributions of the relative pore volume
through the coating thickness were used to represent the
coating structure. The results and their implications are
discussed in the next section.
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RESULTS AND DISCUSSION
Before discussing the experimental results, it is
appropriate to review the objective of this study. One
problem which the coated paper industry faces concerns
printing defects associated with increased coating speeds.
Specifically, increased drying rates have increased the
incidence of print and backtrap mottle. Uneven distribution
of binder is often blamed for print mottle, but little direct
evidence has been discovered. Research has concentrated on
mechanisms of binder migration and has placed little emphasis
on the consolidation and structure of the coating. The goal
of this work is to discover the influence of drying rate on
the packing structure of the coating pigment.
ANALYSIS OF THE TECHNIQUE FOR MEASURING COATING STRUCTURE
The lack of information on the actual packing structure
of a coating is due in part to the size range of coating
pigment particles and the thickness of the coating layer.
For these reasons, quantitative analysis of the packing
structure of the coating is difficult. An objective of this
study was to develop a technique for quantitative analysis of
the coating structure. Details were discussed previously and
the effectiveness of the procedure used will be evaluated in
this section. Results of experiments are given to illustrate
the limitations of the developed technique.
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Comparison of Analytical Techniques
The image analysis technique developed for measuring
coating structure was designed to measure the local
properties of the coating structure across the coating
thickness. The total pore volume of a coating sample could
also be measured with this technique. For comparison, two
other methods were used to measure the total pore volume of
coating films: mercury porosimetry(98) and oil
absorption(6). Measurements were made on two coatings,
differing only in the particle size of the pigment. Coatings
were applied with a Meyer rod and dried at room temperature.




mercury porosi39etr. Coating A





Oil Absorption Image Analysis Hg-Porosimetry
Figure 50. Total pore volume of two different coatings as
determined by oil absorption, image analysis and
mercury porosimetry. Coating A delaminated clay,
coating B #1 clay.
-144-
Total pore volumes ranged from 38.2% to 40.3% for the
larger pigment A, and pigment B, the smaller particle size,
yielded pore volumes between 34.5% and 35.3% depending on the
measuring technique. The results indicate that the values
obtained by mercury porosimetry were lower (3%-5%) than those
of the other methods. The oil absorption and image analysis
techniques yielded similar values.
The lower values obtained with mercury porosimetry are
possibly an artifact of the interpretation of the test data.
As indicated in the Materials and Methods section, the low
pore volume to sample area ratio for coating films required a
relatively large area of sample to be run in the porosimeter.
The crowding of the sample chamber resulted in the apparent
formation of pores between coating pieces; these intersample
pores were eliminated from the total pore volume
calculations. If there were a significant volume of pores of
diameter greater than 1 um, then the interpretation of the
data would result in erroneously low values for total pore
volume. Surface pores, which potentially have large
diameters, are included in the analysis of the other methods
but would be eliminated in the interpretation of the mercury
porosimetry results. Examination of the results of Climpson
and Taylor's(5) work show that they found similar results.
A comparison of literature data shows that all three











literature. Table IX shows some literature values for
various binderless coatings applied to non-porous media.
Table IX




Climpson(5) Coarse Clay 36%
#2 Clay 38%
Lepoutre(6) Delaminated Clay 36%
epoutre(18) #1 Clay 43%
Trader(128) Filler Clay 50.2%
#2 Clay 31.1%
#1 Clay 35%
Kaliski(129) Delaminated Clay 56.5%
#2 Clay 53.9%
#1 Clay 53.9%





Fine #1 Clay 47%
Burke(42) Fine Fraction Clay 48.5%
Lepoutre(130) #1 Clay 38.5%
lunker (This Study) #1 Clay(clay B, Fig. 50) 35.2%
Delaminated Clay(20 g/m2) 40.1%
Delaminated Clay(50 g/m2) 43%
Effect of Sampling Size
A set of micrographs comprising a coating cross-section
at 10,000X may include (on average) about 5 um of sample
length. A single cross-section taken randomly is probably
not representative of the entire coating. To determine the
number of sections necessary for adequate representation of
the coating structure, the total void volumes of sixteen
cross-sections, chosen randomly from a single coating, were
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determined using the image analysis method. The results are
shown in Table X.
Based on the results from the sixteen cross-sections the
variance of the population was estimated to be 0.42. In
order to detect a 0.5% difference in relative pore volume
between samples at the 90% confidence interval, six samples
of each coating type were necessary(127). At least seven
samples were used in subsequent analyses.
Table X
Error Analysis of Analytical Technique
Coating - 100% Delaminated clay
Applicator - #10 Meyer Rod







5 39.9% Mean = 40.2%
6 39.9%
7 41.2% Std. Dev. = 0.65
8 40.2%
9 40.1% Variance = 0.42
10 41.5%
11 39.2% Desired resolution - 0.5
12 40.4%
13 40.6% Confidence Interval - 90%
14 40.1%
15 39.5% Number of samples - 6a
16 40.4%
aCalculations made according to ref. 127 page 86.
Pore properties such as the x and y ferets have a
dependence upon orientation. Because coating application is
a directional process, it was necessary to determine if
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orientation of the coating cross-section had a significant
influence on the measured properties of the coating. From
the same coating studied in the above test, eight cross-
sections were taken perpendicular to the coating direction
and eight were taken at 45 ° to the coating direction. No
detectable difference in relative pore volume was found for
cross-sections taken at different orientations relative to
the coating direction (Table XI). Therefore, it was assumed





Results From a Study of the Influence of Cross-Sectioning
Geometry on Relative Pore Volume
X-Axis Y-Axis 45°
Average 40.18% 40.06% 40.09%
Std. Dev. 0.65 0.46 0.59
Variance 0.42 0.21 0.35
No. Samples 16 8 8
Analysis of Variance Table
Degrees Sum
of of Mean
Freedom Squares Square F
between Orientations 2 0.093 0.046 0.13;
Error within Sample 29 10.172 0.351
Total 31 10.263
F(0.05,2,29 ) 3.32
Effect of Section Thickness
The thickness of the cross-section used in the analysis
is critical to the accuracy of the technique. Cross-sections
thicker than the smallest dimension of the pores may shield
2
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small pores from the analysis. Electron micrographs were
obtained from several cross-sections of different thickness
cut from a single coating. The photo negatives were analyzed
using image analysis techniques described earlier. A plot of
the relative pore volume for each section versus the
magnification is shown in Fig. 51. The statistical results
are presented in Table XII.
Table XII consists of three sub-tables of information.
The first table contains the experimental results, including
pore volumes, standard deviations and variance for n number
of sections analyzed per section thickness. An analysis of
variance was performed on the experimental data and the
result is contained in the second sub-table. Comparison of
the F values indicates that the hypothesis that the pore
volume is independent of each section thickness is rejected.
Therefore, it'can be concluded that the section thickness has
an effect on the results of the analysis technique.
In Fig. 51 there is a point close to 125 nm where the
pore volume begins a rapid drop with increasing section
thickness. A Student-Newman-Keuls' test(127) was performed
to determine if the pore volume results prior to the
transition point were the same. The results are presented in
the last sub-table of Table XII. The difference between each
pair of experimental means was compared to the test statistic
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Figure 51. Relative pore volume of a delaminated clay
coating as measured by image analysis of cross-
sections of various thickness. Error bars are
equal to one standard deviation from the mean.
No significant differences were found in pore volumes
between samples sectioned up to 120 nm thick. Cross-sections
cut thicker than 120 nm yielded pore volumes that were
significantly less than values obtained from thinner samples
and from oil absorption analysis. In addition, the sample
standard deviation was discovered to increase as section
thickness increased. Because section thickness does not
affect total pore volume analysis below 120 nm, it was
assumed that pore obstruction is not significant below that
thickness. Therefore, it can be inferred that the smallest
pore dimension in the x-z and y-z planes that significantly




Because digitization was performed from micrograph
negatives and digitization was performed at constant
magnification, resolution of pores in a cross-section was
dependent upon the TEM magnification. Reducing the
magnification reduced the area of the pores on the negative.
Smaller areas required fewer pixels to represent them and the
percentage of the pore area that is part of the fuzzy region
was greater, ultimately increasing the error in the analysis.
Increasing the magnification of the sample had the opposite
effect.
The results of an experiment to test the limit of useful
magnifications are shown in Fig. 52 and the statistical
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Figure 52. Relative pore volume of a delaminated clay
coating applied to plastic film versus micrograph
magnification. Error bars are equivalent to one
standard deviation from the mean.
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Table XIII
Results From a Study of the Influence of Sample Magnification





















































F(0.0 5 ,5,3 6) = 2.48


































































The results support the effects of magnification
described above - at least 5000X was required to give
reproducible results. By comparison, analyses by Climpson
and Taylor(5) were performed on images magnified 4000 times,
but with additional processing the images analyzed were
magnified 33,000 times. Based on the analysis of the effect
of magnification presented here their data should be valid.
In this study, samples were magnified 10,000 times for
photographing. The typical resolution after digitization was
0.023 gm/pixel.
Analysis Technique Summary
Through a comparison of the results of relative pore
volume determinations on like samples and from published
values for similar coatings, it has been shown that the image
analysis technique is accurate and can be used to determine
the relative pore volume of a coating from a thin cross-
section. Based on these results, it was assumed that the
method was also suitable for measuring the pore
characteristics of any portion of the coating thickness
providing the sample was thin enough, the magnification was
high enough and enough samples were measured to accurately
differentiate changes in structure.
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ANALYSIS OF THE COATING DRYING APPARATUS
A second objective of this study was to produce and
analyze coating films whose structures were dependent only on
their drying rate. The equipment and procedures for the
drying system were discussed in the Materials and Methods
section. The following text discusses some difficulties with
the drying techniques and results of tests to determine the
effectiveness of the methods.
Coating Uniformity
A coating coverage problem occurred when coatings were
dried at high temperatures and high humidities. The coating
dried slowly and, even at very low air flow rates, the
coating was blown toward the bottom edge of the substrate.
During these experiments the coating temperature entering the
drier was below the dew point of the drying air. Therefore,
before drying could occur the coating had to be heated to at
least the wet bulb temperature of the drying air. While the
coating heated, the drying air near the coating surface was
cooled below its dew point. Beads of water were observed on
the open portions of the coating plate during drying,
indicating that condensation was occurring. The condensation
lowered the solids content of the coating and reduced its
viscosity, allowing the coating to flow in the air stream.
To quantify the condensation, a coated sample was
exposed to the drying air for 15 seconds and then removed.
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Once removed, the coating was scraped off the substrate and
its solids content was determined. The solids content of the
scrapings was 56% - 4% lower than at application. The
problem was solved by bringing the coating components and
apparatus to the dry bulb temperature of the drying air
before drying the coating. This action prevented excessive
cooling of the drier air and thus condensation at the coating
surface. Because at higher drying temperatures some
evaporation occurred prior to insertion into in the
experimental drier, heating the coating prior to drying
resulted in some loss in accuracy of measured time to the
gloss point and therefore in the calculation of the drying
rate.
Coating Temperature
Two 0.002 inch thermocouples were dropped into the
coating film during each trial. A third thermocouple (0.05
inch) was dropped just above the coating to measure the
temperature of the drying air. Figures 53 and 54 show the
response curves of the three thermocouples for a latex























Temperature of the drying air and coating during
trial T28 - Latex pigment at 15% relative
humidity.
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As the coating entered the drier there was an immediate
temperature drop whose magnitude approached the wet bulb
temperature of the drying air. For Figs. 53 and 54, the wet
bulb temperatures were 32°C and 46°C respectively and the
gloss points were 4.0 and 74.3 seconds respectively. After
the gloss point, the temperatures increased to a point at
which they remained constant until the coating was dry. The
sharp temperature change near the end of each curve was an
artifact caused by closing the top drawer of the drying box
which had cooled under ambient conditions during drying.
Coating/Substrate Interface Temperatures During Drying
Because the thermocouples which were dropped into the
coating during drying were thicker than the coating, the
temperatures returned were not purely the temperatures of the
coating but a combination of the coating temperature and the
drying air near the surface. The glass plate containing
platinum thin film resistors (discussed earlier) was used to
investigate the temperature profiles of the drying box and to
measure the temperature of the coating during drying.
Figures 55 and 56 present the temperature history of the
first 100 seconds of a trial designed to measure the heating
rate of the glass plate at different locations in the drying
box. The glass plate was inserted at room temperature into
the drier which was running at about 55°C and 15% RH. The
results indicate that the rate of temperature gain was
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dependent upon the location within the drier. The
temperature change in the first few seconds shows that
resistors A and B increased in temperature faster than C, D
and E, and resistor F was slower than the others (see Fig. 30
for resistor locations). The results present evidence that a
temperature gradient in the direction of the air flow existed
in the drier. The maximum gradient discovered occurred at 75
°C and was 1°C/inch along the center line of the drier
between resistors A and F.
PT2 - Glass Plate at 23°C Inserted into
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Figure 55. Trial PT2 temperature response of resistors A, B





PT2 - Glass Plate at 23°C Inserted into
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temperature response of resistors C-E
glass under drying conditions without
The next pair of graphs, Fig. 57, are from a trial in
which the plate was heated to a temperature five degrees
hotter than the drying air before insertion. The trends were
the same as those shown above except they were in the
opposite direction. Resistor F experienced the greatest loss
in temperature and resistors A and B showed the least. It is
difficult to determine if the rate of cooling varied among
resistors. The glass reached equilibrium temperature only
after a relatively long time in the drier (20 minutes).
The equilibrium temperature difference between
positions A and B was small, but between A and F the
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difference was about 4°C. Resistors C, D, and E consistently
yielded about the same temperature; this was expected because
resistors C, D, and E were the same distance from the mouth
of the drier. It is also noteworthy that the equilibrium
temperatures were about 2° to 4°C lower than the air
temperature in the drier. Thermocouples sitting on the
surface of the glass between resistors B and D registered
about 1.5°C below that of the drying air. The lower
temperatures may be the result of radiative heat loss from
the exposed surface of the glass plate.
PT6 - Glass Plate at 58°C Inserted into
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Figure 57a. Trial PT6 - temperature response of heated glass











PT6 - Glass Plate at 58°C Inserted into
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Figure 57b. Trial PT6 - temperature response of heated glass
upon exposure to drying conditions without
coating application.
Coating Temperature During Drying
Figures 58-61 on the following pages show the
temperature response of the glass surface when coated and
dried at 55°C and 15% relative humidity.
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When the coating was applied to the plate approximately
30 seconds prior to exposure to the drying air, the rate of
cooling at the resistors increased relative to the cooling
which occurred under room conditions. The top drawer was
opened approximately five seconds after the temperature
leveled off. Upon exposure to the drying air, the cooling
rate of the coating color increased dramatically. The
temperature reached a minimum shortly after the measured
gloss point of the coating. After the temperature minimum,
the glass surface tended toward a constant temperature
slightly lower than that of the drier air. The above results
provide evidence that evaporative cooling occurred during
drying.
A temperature gradient was discovered in the air flow
direction on the glass plate when no coating was applied to
the glass (Figs. 56 and 57). Figures 60 and 61 show that
there was also a temperature gradient present when a coating
was applied. Evidence that the drying rate is different
along the gradient can be seen by comparing times at the
temperature minimum. For resistor A the gloss point was
reached at 10 seconds and the minimum temperature was reached
at about 12 seconds. The coating at resistor D, 9 cm down
stream from resistor A, reached its gloss point at about 30













Figure 58. Temperature response for coating trial PT19.
Clay coating applied and dried on the glass plate
at 55°C and 15% RH. Plot of initial 80 seconds
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Figure 61. Same plot as Fig. 59 showing the entire trial.
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Figures 62-65 (on the following pages) show the
temperature response of the glass surface after coating
application and drying at 55°C and 85% relative humidity.
Although the curves in Figs. 62-65 are similar to those
in Figs. 58-61, two major differences are apparent. First,
there was a difference in the rate of temperature change as
the coatings entered the drier. For coatings dried at low RH
(15%), the rate of cooling increased as the coating entered
the drier, while for the coatings dried at high RH (85%) the
cooling rate decreased. The decrease in rate of temperature
drop as the coating entered the drier was caused by the
difference in wet bulb temperatures of the air near the
coating. Under ambient conditions the wet bulb temperature
was close to 17°C, whereas in the drier it was 45°C. The
difference between the wet bulb temperature and the coating
bulk temperature was much greater when the coatings were
exposed to room conditions, causing rapid cooling before
insertion into the drier.
A second difference among the sets of temperature data
was the additional time required to reach a minimum
temperature (as well as higher observed minimum temperatures)
for coatings dried at higher relative humidity. For example,
resistor B dropped 1.5°C over 70 seconds under high humidity
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Figure 62. Temperature response for coating trial PT21.
Clay coating was applied and dried on the glass
plate at 55°C and 85% relative humidity. Plot of
80 seconds after insertion into the drier for
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Figure 65. Same plot as Fig. 63 showing the entire trial.
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Figure 65. Same plot as Fig. 63 showing the entire trial.
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Interpretation of Results
The wet bulb temperatures of the drier air during the
trials whose temperature data are shown in Figs. 58-61 was 29
°C, and 45°C for the curves shown in Figs. 62-65. The
temperature minima at resistor B were 41°C and 46°C
respectively. Because of the thinness of the coating layer,
one would expect that any change in its temperature would be
instantaneous within the layer; therefore, the coating
temperature should be at the wet bulb temperature of the
drying air. Because the minimum temperatures did not always
reach the wet bulb temperature of the drying air, initial
review of the data led the author to believe there were
temperature gradients across the coating films during drying.
There are two possible aspects of the system that could
account for the high minimum temperature of the coating
glass/interface. Vaporization requires an energy input. The
energy sources in the system employed were the drying air,
the glass plate and coating layer. For the short time
necessary to reach the gloss point during the experiments,
both the glass and the drying air are assumed to function as
an infinite energy source and remain at constant temperature.
Therefore, the energy loss (cooling) that occurs during
vaporization is minimal. However, the cooling will be
greater for coatings dried at higher rates because the rate
,of energy consumption is greater.
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Alternatively or perhaps simultaneously, the boundary
layer adjacent to the coating surface may have been at a
different level of saturation than the bulk air flow. The
higher the saturation level of the air near the surface the
higher the wet bulb temperature will be. Thus, because
evaporation occurs at the wet bulb temperature of the air in
contact with the coating, the temperature of the coating
should be greater than the wet bulb temperature of the drying
air. Either of the above mechanisms could account for the
discrepancy between the coating temperature and the wet bulb
temperature of the drying air.
Employing rough estimates, the help of Dr. Jeff
Lindsay(131), and assuming that no temperature gradient
existed within the coating layer, calculations were made to
determine if the coating temperatures measured were
reasonable. The calculations are shown in Appendix III.
It was assumed that: 1. the bottom of the glass had
insignificant heat loss, 2. the air temperature was constant,
3. the coating surface remained saturated, 4. the coating and
glass had the same thermal properties, and 5. that the air
had a zero humidity. The last two assumptions are
questionable. To simplify the model and to compensate for
the unknown thermal properties of the coating as it dries and
the unknown thermal properties of the interface between the
coating and the glass, the thermal properties were chosen as
the average of the glass, water and clay. Zero humidity
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drying air was chosen to be the most drastic case, providing
a system with the largest temperature difference between the
evaporating surface and the bulk air and glass. Even though
dry air was not used experimentally, it would be the case
which produced the greatest temperature difference between
the wet bulb temperature of the drying air and the wet
coating and glass. Using such an extreme might help
determine if it were possible, under the assumed conditions,
to have a temperature gradient present in the coating film.
The transient heat transfer during drying is governed by
the heat equation. The solution is-a function of the
properties of the materials, the heat transfer coefficient
and the evaporative mass flux. The mass flux involves the
mass transfer coefficient and the saturation level of the
air. The Chilton-Colburn Analogy(132) relating the heat and
mass transfer coefficients was used to solve for the
coefficients. The Crank-Nicholson(133) numerical method was
used to solve the equations with the Crout algorithm(134) for
determining the implicit temperatures. Figures 66-68 show
the results of the analysis.
Figure 66 (low heat transfer rate) shows that it would
take 15 to 20 minutes for the system to reach thermal
equilibrium if evaporation could continue that long. Under
the short times that the surface of the coating remained
saturated at the high drying rates (10 to 20 seconds), Figure
67 shows that a temperature of near 47°C would be achieved.
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Figure 66. Calculated temperature versus time plot for the
coated glass-heat transfer coefficient 12 W/m20C.
For the actual coating, the initial heat transfer rate
could be as high as 69 W/m2°C (theoretical value for laminar
flow over a flat plate), which would drop as the coating
dries. The higher heat transfer rate of the actual coating
may account for lower measured temperatures relative to
values from Figs. 66 and 67. Figure 68 shows that, under the
same conditions and with the heat transfer coefficient of 69
W/m2°C, the temperature would be 33°C at 25 seconds. The
measured temperature, for the conditions used in the
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the fact that the calculated values of 47°C and 35°C for heat
transfer rates of 12 and 69 W/m2°C respectively, were
calculated as reasonable extremes of heat transfer rates; the
actual heat transfer rate and temperature minimum were
probably between the calculated extremes. Also, the fact
that the temperature difference between the wet bulb
temperature of the drying air and drier air temperature was
maximized places the calculated temperature slightly higher
than the actual value.
Figure 67. First 100 seconds of Fig. 66 including the
temperature at 300 um into the glass from the
coating surface.
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Figure 68. Calculated temperature versus time plot for the
coated glass-heat transfer coefficient 69 W/m2°C.
The results of the above calculations show that
temperatures measured during drying were reasonable; if it is
assumed that there was no temperature gradient in the coating
layer, then it can be concluded that there was no convective
fluid flow within the coating layer as the result of
temperature gradients. It can also be concluded that
differences in z-directional pore volume distributions
between coatings were not artifacts of temperature gradients
present during the consolidation of the coating.
Temperature drop with h = 69.3 W/m^2 C
55 -
0 1
0 10 20 30 40 50
Time, sec
- Surface -- 300 microns .. Bottom (3000 gm)
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Another implication of the above results is that drying
rate is not completely independent of temperature. The
coatings dried at slower rates actually dried at slightly
higher temperatures than those dried at faster rates. The
largest measured temperature difference (at constant drier
temperature) was 6°C. This is comparatively small compared
to the 100°C difference used in the oven drying experiments
which produced changes in both drying rate and coating
structure. It was assumed that small temperature differences
did not affect the packing structure of the coating films and
that the drying system used was adequate to test the effect
of drying rate on coating structure.
Variation in Coating Structure with Position in Drier
Coating films dried at high rates were found to have
greater total void volume than coatings dried at low rates
(discussed later). The local drying rate of coating films
dried in the experimental drier varied depending on their
position in the drier. The coating near the air inlet dried
faster than the coating near the exhaust. For example, a
point one inch from the opening and a point five inches
downstream may have gloss points which differ by one second
or by as much as 13 seconds. To test whether the drying rate
gradient caused significant differences in film structure,
coating films were tested for total pore volume at different
locations along the drying path. Table XIV contains the
results of the measurements.
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TABLE XIV
Total Pore Volume of Coating Films Dried at
Low Temperature and Medium Relative Humidity
Coating Trial T35R55
Average Drying Rate 1.1 kg/m2hr
Sample 1 2 3 4 Overall
Image Analysis 42.90% 42.95% 42.93% 43.17% 42.93%
Std. Dev. 0.05 0.26 0.18
Oil Absorption 42.76% 42.89% 43.00% 42.97% 42.90%
Std. Dev. 0.11
Near Inlet 42.55% 42.93% 43.18% 42.70% 42.84%
Std. Dev. 0.28
Near Exhaust 42.35% 42.88% 42.89% 43.23% 42.84%
Std. Dev. 0.36
Data in Table XIV indicates that there was no detectable
difference in total pore volume among different areas of the
coatings dried in the experimental drying system. The trial
chosen for the analysis had a relatively low drying rate
(1.10 kg/m2hr) and the difference in time to gloss point from
inlet to exhaust was approximately seven seconds. The time
difference corresponds to a difference in drying rate of
approximately 0.12 kg/m2hr.
Viscosity Limitation of Drying Apparatus
The shear forces exerted on the coating surface by the
drying air influenced the surface structure of the coating.
Coatings were dried under various air velocities to determine
the maximum air flow that could be used without damaging the
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coating surface. For latex coatings, full drier air velocity
(30.1 ft3/min) caused waves which resulted in cracks and
visible coat weight variations in the dry coating. The low
viscosity of the plastic pigment did not provide enough
resistance to flow when it was sheared by the drying air.
Tests were run at diminishing flow rates until the coatings
showed no visual signs of change during drying. Examination
of the coatings using an SEM confirmed the results (Fig. 69).
At high magnification, coatings dried with low air flow rates
(4.1 ft3/min), appeared to have an uninterrupted uniform
packing structure. In Fig. 70 it can be seen that the
coatings which were dried at high air flow rates had
discontinuities and piles of particles. At low flow rates
these defects disappeared and the piling of the pigment
ceased.
Similar tests were performed on clay coatings. Clay
dispersed to 70% solids was applied to the plastic substrate
and dried under full air velocity. No flow during drying was
detected. The solids content of the clay solution was
reduced and the test repeated. No detectable effect of the
air flow was found until coating solids content of 55% was
used, at which point, the viscosity of the coating dropped
below 300 cP (Brookfield 100 rpm).
All the coatings dried in the experimental drier were






Electron micrograph of the surface of a
polystyrene/acrylate latex coating dried at
flow rate. SEM 5,000X.
low
Electron micrograph of the surface of a
polystyrene/acrylate latex coating dried at high
air flow rate. SEM 3,000X.
-184-
Packing Structure of Latex Pigment
In order to determine how the polystyrene spheres pack
and to determine if there is a difference between the surface
structure and the bulk structure, the latex pigment was
poured into a 25 mm diameter, 5 mm deep embedding mold and
allowed to air dry. The dry structure was coated with Au-Pd
and examined with the SEM. The surface of the dried puddle
was flat, with particles packed in a triangular and
pentagonal arrangements (Figs. 71-72). A cross-section of
the dried puddle was made by freeze fracturing the sample
(embedding latex coating was unsuccessful), but the sample
did not break cleanly. Figure 73 is a micrograph of the
cross-section produced by freeze fracture. The bulk of the
structure appeared to be more three-dimensional and have less
order than the surface. The depth apparent in Fig. 73 may be
an artifact of the sample preparation technique. Because of
the difficulty in preparing the polystyrene latex for
electron microscopy observation no conclusions about the bulk
structure can be drawn. However, the images did show that
the surface structure of the latex pigment which had been
dried slowly at room temperature was dense and uniform.
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Figure 71. Photomicrograph of the surface of a dry
polystyrene latex puddle. Photo taken near the
middle of the puddle. SEM 20,000X
Figure 72. Photomicrograph of a the surface of a dry
polystyrene latex puddle. Photo taken near the
edge of the puddle. SEM 20,000X
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Figure 73. Photomicrograph of a cross-section of a dry
polystyrene latex puddle, taken near the middle of
the puddle. SEM 10,00OX
Figures 71 and 72 show that the structure of the surface
layer is dependent upon the location relative to the edge of
the coating puddle. The latex dispersion formed a meniscus
in the embedding mold and was observed to dry from the edges
inward. The pigment packing structure near the rim of the
meniscus (Fig. 72) was denser than the packing structure near
the bottom of the meniscus (Fig. 71). This implies that
surface tension forces, responsible for the formation of the
meniscus, affected the packing structure of the surface
particles. The surface tension forces are continuous and
directed along the curvature of the meniscus. The maximum
pressure on the surface particles occurs at the rim where the
fluid is bounded by the wall of the mold. The pressure
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results in a denser packing arrangement near the rim of the
puddle of coating. Because the surface tension of a liquid
is inversely related to its temperature, the temperature of
application and the drying temperature will have an effect on
the packing structure of the coating surface. Because the
distribution of the void volume through the coating thickness
is hypothesized to depend on the structure of the surface,
the void volume distribution would be affected by the
variables affecting the surface structure of the coating.
Therefore, the importance of temperature control in this
study is again emphasized.
Summary of the Drying Apparatus Effectiveness
The drying apparatus used in the experiments was
adequate for drying coatings at different rates through
control of the drying temperature and the relative humidity
of the drying air. Temperature measurements made at the
substrate/coating interface showed that no significant
temperature gradient exists in the coating thickness.
However, temperature and drying rate gradients do exist in
the drier. Further, it was also discovered that, even at
constant air temperature, the coatings were not dried at
exactly the same temperature when relative humidity was
changed. The coatings dried at high relative humidity were
dried at a maximum of a 6°C higher temperature. It is
assumed that the small temperature difference did not affect
packing structure to any measurable extent.
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The drying system was used as described in the Material
and Methods section to produce coatings whose structural
differences resulted from changes in the drying rate
independently of other process variables.
PRELIMINARY DRYING EXPERIMENTS
Pairs of coatings, one dried at room temperature and one
dried at 120°C in a vacuum oven, were evaluated using oil
absorption to measure the relative pore volumes of the
coatings. The test was repeated four times for each coating.






























































At a 90% confidence level coatings 4000, 4001, and 4004-
4006 dried at 120°C (1.54 kg/m2hr) had pore volumes
significantly higher than comparable coatings dried at room
temperature (0.12 kg/m2hr). There was no detectable
difference between the other pairs of coatings.
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The coatings were studied using image analysis
techniques. Seven sections from each coating, containing no
binder (4000a-21°C and 4000b-120°C), were analyzed for total
pore volume and pore volume distribution using image
analysis. The results are presented in Table XVI.
Table XVI
Results of Image Analysis Determination of the Pore Volume
and Pore Volume Distribution of Coatings Dried at 21°C
(4000a) and 120°C (4000b)
4000A Total Relative Pore Volume (%)
Sect. Pore Depth into Coating (um) base
NO. Vol 1 2 3 4 5 6 7 8 9 10
1 36.7 37.0 35.5 36.5 36.0 37.2 38.0 37.5 37.0 35.2 35.0
2 37.1 36.2 34.1 35.7 36.2 37.8 38.4 38.0 36.9 36.1 35.2
3 39.0 38.1 36.6 35.0 35.6 37.0 38.8 40.6 39.2 37.9 37.1
4 38.4 36.8 34.9 36.0 36.6 37.5 38.6 38.5 38.0 36.3 35.8
5 37.8 37.1 35.7 35.5 35.8 37.8 38.2 37.9 37.3 36.6 36.0
6 38.0 36.9 35.5 35.9 36.4 37.5 38.6 38.0 37.7 36.6 35.1
7 38.3 37.0 35.4 35.7 36.2 37.7 38.8 38.2 37.4 36.1 35.9
avg. 38.0 37.0 35.4 35.8 36.1 37.5 38.5 38.4 37.6 36.4 35.7
std. 0.8 0.6 0.8 0.5 0.3 0.3 0.3 1.0 0.8 0.8 0.7
4000B
1 39.2 36.2 33.4 34.2 36.7 38.1 39.7 40.3 38.2 37.8 36.4
2 38.6 35.9 34.5 33.9 37.2 37.9 39.4 39.7 39.1 38.1 36.4
3 38.7 36.9 34.2 34.6 36.5 38.3 39.6 38.9 38.8 36.9 35.3
4 38.9 36.5 33.1 34.0 37.9 38.5 39.5 39.3 38.5 37.3 35.9
5 39.2 37.1 33.9 35.2 37.2 37.8 39.6 39.7 38.7 37.9 36.7
6 38.6 35.8 34.2 34.7 37.0 38.0 39.2 39.4 39.2 38.0 36.4
7 36.3 36.3 34.3 34.1 36.6 38.0 39.3 38.9 38.9 37.9 36.1
avg. 38.9 36.4 33.9 34.5 37.0 38.1 39.5 39.5 38.8 37.7 36.2
std. 0.3 0.5 0.5 0.5 0.5 0.2 0.2 0.5 0.3 0.4 0.5
Results from Table XVI are shown graphically in Fig. 74.
The total pore volumes for coatings dried at 120°C were
higher than the coatings dried at room temperature; however,
there was no statistical difference between distributions at
-190-
a 95% confidence interval. Figure 74 shows that the pore
volume distributions follow similar curves. The void volume
distribution for the coating dried at 120°C had a greater
difference between a extremes in local void volume than the
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Figure 74. Pore volume distributions for coatings dried
under vacuum at 21°C and 120°C.
The density profiles have two other interesting
features. Each curve shows a dense region below the surface
of the coating and an asymmetrical peak in pore volume. The
bulky region at the coating surface may have resulted from an
artifact of the measuring technique. The surface layer of
the coating, for analysis purposes, was defined as the layer
which contained the coating surface beginning at the
uppermost peak on the surface and extending one micrometer
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into the coating. As a result of this procedure, analysis of
some surface subsections may have had included space above
the coating surface as pores. The variance of the pore
volume from place to place along the surface of the coating
serves as an indication of the extent of surface roughness
(Figs. 75 and 76).
I,
Figure 75. Micrograph of a portion of a coating cross-
section which includes the coating surface and
shows the microroughness that may account for the
increase in measured density beneath the surface.
The second feature of the density profiles which is of
interest is the peak in pore volume. Based on the findings
of Cook(39), Hiltner and Krieger(63) and the hypotheses of
this study, one might expect a coating bounded on two sides
would have a symmetric density profile. However, the
coatings contained a peak in pore volume closer to the
substrate than to the surface. This result implies that the
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surface structure of the wet coating film had a greater
influence on the internal density than the structure near the
substrate.
Figure 76. Composite micrograph of a coating cross-section
(TEM 14,000X).
The results of the density profile analysis indicate
that changes in coating structure were produced by changing
the drying conditions. However, because of the methodology
used to dry the coatings, it is not possible to determine if
changes were caused by temperature effects or by effects
caused directly by evaporation rate. Additional experiments
run in the experimental drier system were used to determine
whether drying rate influences coating structure.
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STRUCTURE OF COATINGS DRIED AT DIFFERENT RATES
Total Pore Volume of Coatings Dried at Different Rates
The total pore volume, measured by oil absorption, was
determined for each of the coatings dried in the experimental
drier. The average results of the tests are shown in Table
XVII.
Table XVII
























































































































Examination of the drying rates shown in column 5 of
Table XVII shows that, at 15% RH, temperature has a
significant effect on drying rate. For the clay coatings the
drying rate increased from 2.86 kg/m2hr at 35°C to 11.55
kg/m2hr at 55°C. At 55% RH the effect of temperature is not
significant (1.10 kg/m2hr versus 1.19 kg/m2hr for 35°C and 55°
C respectively). Increasing the relative humidity at
constant temperature influenced the drying rate at all
levels. For instance, increasing the RH from 15% to 55% to
85% at 35°C caused the drying rate to drop from 2.86 to 1.10
to 0.56 kg/m2hr respectively. Analyses of the pore volume
and pore volume distributions of the coatings consider
effects of temperature and effects of relative humidity.
The relative pore volume was plotted against drying rate
for the clay films and the latex films. The plots are shown
in Figs. 77 and 78 respectively.
The change in total pore volume with drying rate was
significant at low drying rates. Examination of the points
below 2 kg/m2hr in Fig. 77 shows a 1.5% increase in pore
volume, whereas the increase in pore volume beyond 3 kg/m2hr
is less than 0.5% for much greater increases in drying rate.
Evidently the differences in the packing structure caused by
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Relative pore volume versus drying rate for clay
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Figure 78. Relative pore volume versus drying rate for latex










The relationship for the polystyrene latex coatings
appears to be the same as that for the clay films; however,
the variance of the pore volume determinations for the latex
coatings was greater than that for the clay coatings. As a
consequence the results were not statistically significant.
Coating Film Density Profiles
In addressing the role of drying rate in the
consolidation of a coating film, one objective was to
quantitatively measure changes in the packing structure of
the coating. The image analysis technique discussed in an
earlier section was used to describe the distribution of pore
volume through the coating thickness. Distributions of voids
were used to describe the structure of the coatings which had
been applied to plastic films and dried at different rates.
Calculations of distributions of pore volume as a
function of coating thickness were tabulated and both
averaged data and curves for each trial can be found in
Appendix IV. For discussion, the results will be presented
in two sets of curves. The first, Figs. 79-81, are the void
volume distributions for coatings which were dried at the
same temperature and different relative humidities. The
second set, Figs. 82-84, depicts the void volume
distributions of clay films which were dried at different



































Z-directional pore volume distribution for clay
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Figure 80. Z-directional pore volume distribution for clay
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Figure 81. Z-directional pore volume distribution for clay
films dried at different rates at 75°C.
The shape of the pore volume distribution for the clay
films is not affected by the drying rate. Figures 79-81 show
that, even for the coatings with the greatest difference in
pore volume and drying rate (Fig. 81, 1.8% and 16.3 kg/m2hr),
the shape of the distribution is similar. The difference
between the curves occurs at the transitions from constant
density areas to rising or falling density areas. The dense
region near the surface of coating T75R85 (0.75 kg/m2hr, Fig.
81) begins about three micrometers below the surface and
extends to a depth of about 10 um, whereas the dense zone for
coating T75R15 (17.05 kg/m2hr) extends from 3 to 5
micrometers. Similarly, the bulky region of constant density













coating dried at the higher rate has a bulky region 9 um
thick, 18 to 27 micrometers from the surface.
The transition regions between dense and bulky areas
were also affected by drying rate. The slope of the pore
volume change with thickness between the dense and bulky
areas is greater as the drying rate is increased. The same
is true for the falling pore volume zone near the base of the
coating. It is also important to note that the curves in
Figs. 79-81 show that as drying rate was increased the
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Figure 82. Z-directional pore volume distribution for clay
films dried at different rates at 15% RH.
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Figures 82-84 illustrate that the temperature had little
effect on the pore volume distributions even between coatings
with large differences in drying rate beyond 3 kg/m2hr.
Figure 82 contains the curves for the fastest drying rates
(17.05, 11.55, and 2.86 kg/m 2hr for temperatures 75 ° , 55 ° and
35°C respectively). Even when the drying rate differed by a
large amount, only a minimal change in void volume
distribution was produced beyond 3 kg/m2hr. Figure 84
contains the pore volume distributions for coatings which
were dried at 35°C, 55°C and 75°C and 85% RH. All three
coatings dried at nearly the same rate and analyses showed
that they had no significant differences in void volume
distribution (95% C. I.). Increasing the temperature of the
coating during drying did not affect the void volume
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Figure 83. Z-directional pore volume distribution for clay
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Figure 84. Z-directional pore volume distribution for clay
films dried at different temperatures at 85% RH.
Interpretation of Density Profiles
Because models for predicting the packing density of
anisometric particles have not been sufficiently developed
and because quantitative experimental data on the density
distribution of such particles in thin films are not
available, it is difficult to determine whether the density
profiles in Figs. 79-81 are typical. Assuming the general
form is typical, the density distributions and the
corresponding changes resulting from changes in the drying
rate give some insight as to the role of dispersive forces in
defining the packing structure of a coating film.
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Discussion of Particle Size and Rotational Diffusion
Drying under ambient conditions may require five minutes
in order to immobilize the solid particles. If particle-
particle interactions are ignored, rotational diffusion of
particles smaller than 2 pm may be significant (20 s/90°
rotation) in defining particle orientation (equation 4). In
the experimental drier, immobilization solids were obtained
as quickly as two seconds after application. In this case,
only the particles less than 0.9 u m in diameter could undergo
significant rotation (1.9 s/90° rotation). It becomes
obvious that under industrial drying conditions where
immobilization is reached in a fraction of a second, the time
dependent rotation could only be significant for the
particles of fastest rotation (0.7 s/90° rotation for 0.5pm
diameter particles). Thus, the influence of rotational
diffusion on the coating structure is limited to the smallest
of particles. Because of the concentration of a coating
suspension, even the smallest particles are continually
subjected to colloidal interaction forces which because of
their strength probably take precedence over particle
rotation by diffusion.
Colloidal Interactions
Each particle in a coating suspension has associated
with it an electric double layer made up ions from the
suspending fluid. The electric potential of the ion layer
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decreases exponentially from the particle surface(92). As
particles approach one another their electric double layers
interfere with the approach. However, the electric double
layer interaction is only one factor that influences how
particles behave in suspension. The total interaction energy
is a function of the attractive van der Waals forces(87), the
repulsive double layer interaction(92), and steric
interactions of absorbed molecules(60). The energy of
interaction is the sum of these energies.
Alternatively, Derjaguin, et al.(135) describe the
interaction of two particles as an interaction of two
hydrodynamic layers, which when overlapped have a pressure
greater than that of the bulk solution. The pressure
difference is known as the disjoining pressure. Derjaguin
describes the total energy of interaction as a pressure, but
energy terms will be used in this text.
Coating particles have a reasonably high charge density
and, therefore, a significant repulsive energy upon close
approach. The magnitude of the interaction energy determines
how the particles react to the reduced separation distance
and increased particle/particle interactions caused by
consolidation of the coating film during drying. Particles
dispersed in the coating suspension respond to particle
interactions in such a way as to reduce the energy of
interaction. Upon interaction, electric double layers deform
and recover as the particles move to reduce the interaction
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energy. The action of the particles is not instantaneous;
time is required for the electric double layers to recover
their original form(87). Simply stated, interaction with
other particles is a time dependent phenomenon.
In concentrated suspensions, particles cannot move
without interaction; the interaction of two particles
theoretically affects the total interaction energy of all the
other particles in suspension. If a particle is fixed in
space, the neighboring particles move in such a way as to
minimize the energy of interaction. Through the previous
argument, reorientation relative to the fixed particle is
time dependent.
In coating suspensions the geometry of the clay
particles also influence how the particles respond to
particle/particle interactions. Through rotational motion
and asymmetry, anisometric particles like clay are capable of
a greater variety of conformations than spherical particles
of similar dimensions. Because their shape allows them to
react more efficiently than spheres to reduce interaction
energy, anisometric particles tend to be more randomly
orientated in solution. However, during sedimentation,
anisometric particles align in face-to-face structures as the
suspension concentrates to form structures more uniform and
more dense than spherical particles.
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Consider a concentrated suspension of clay particles in
a thin film. The liquid surface of the film, through surface
tension forces, imparts an orienting pressure on the
particles near the surface. The particles at the surface
form regular packing structures instead of the more random
structures of the bulk solution(41,63). The particles near
the surface respond to the axial orientation of the surface
particles, forming a dense layer of particles oriented
parallel to one another. The dense packing is disrupted by
particles which can not move into parallel orientation and
the uniform structures deteriorate into random structures
which are present in the bulk of the film.
The bottom surface of the film behaves similarly except
that the orienting force on the particles is temporary,
occurring as the coating is metered onto the substrate. When
the suspension is applied the particles contacting the
surface adhere, forming the base for particle reorientation.
Consider the thin film to be new, so that the dense
regions near the boundaries are poorly developed.
Concentrating the film increases the interaction of the
axially oriented surface particles with the particles near
the surface. At the same time, the particles have less space
to move, making reorientation more difficult. Eventually,
the particles will be forced close enough together that van
der Waals attractive forces become dominant and the system
becomes immobilized. Because the reorientation of the
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particles is time dependent, the rate of film consolidation
has an effect on the final structure of the coating.
The density distributions shown in Figs. 79-84 reflect
the above arguments. All the coatings analyzed contained
dense areas near the film boundaries. The roughness of the
surface, apparent by the greater density three micrometers
below the surface than at the surface, is partially an
artifact of the measuring technique and partially caused by
collapse of the surface pores. The surface tension of liquid
trapped between particles pulls the particles together as the
last of the water is removed(42).
Figure 81 shows the effect of increasing the rate of
consolidation. The dense regions are reduced and the bulky
regions become wider as the rate of evaporative dewatering
increases. Increasing the evaporation rate beyond about 3
kg/m2hr had little effect on the packing structure; however,
differences in evaporation rate below that level caused
significant changes in the structure. The rate of particle
reorientation in response to consolidation forces is limited
by the rate of rotational diffusion. For example, a 1.0 um
diameter particle would take greater than three seconds to
rotate 90° in a dilute solution unhindered by the presence of
other particles. Forces acting on a particle in a coating
resulting from electric double layer interaction, van der
Waals forces, hydrodynamic forces and gravity hinder rotation
and slow the particle response further. As a result, at
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higher drying rates there is insufficient time for a
significant reorientation of the particles in response to
stresses caused by consolidation.
SUMMARY OF RESULTS
Several experiments were run to test the limits of the
image analysis technique used to measure pore volume
distributions. Comparison of total void volumes measured by
the developed technique and oil absorption techniques showed
that there was no statistical difference between the values
obtained by the two methods. The image analysis technique
has two critical limitations: (1) The minimum sample
magnification for accurate results must be at least 5000x;
and, (2) The section thickness must be no more than 120 nm to
avoid blinding pores to the analysis. The image analysis
technique was used within these limits to determine the void
volume distributions of coating films produced in subsequent
experiments.
The distribution of void volume in coatings was
discovered to be non-uniform. Each coating showed a
"horizontal S" shaped pore volume distribution. The density
was greatest near the coating surface and near the substrate,
while the interior was found to be considerably less dense
than the boundary layers.
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Preliminary drying studies, in which coatings were dried
under vacuum at 20°C and 120°C (drying rates of 0.12 kg/m2hr
and 1.54 kg/m2 hr), showed that simultaneously varying
temperature and evaporation rate produced changes in the void
volume distribution. Analysis of coating films dried at
controlled rates showed that changing the temperature at
constant drying rate produced little effect on the total void
volume or the void volume distribution. Further, changing
the evaporation rate at constant temperature produced changes
in both the total void volume and the void volume
distribution of coatings dried at low evaporation rates.
Increasing the drying rate caused an increase in total void
volume and increased the size of the bulky region in interior
of a coating film. Changing the drying rate above a certain
limiting value was not found to affect the coating structure
significantly in the drying system employed.
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CONCLUSIONS
The following conclusions are based on a concentrated
suspension of a delaminated clay applied to a non-porous
media with a volumetric metering device. The films were
dried in a low velocity air stream under controlled
temperature and drying rate.
1. Image analysis techniques developed for quantifying
coating structure proved comparable to the oil absorption
method for measuring total pore volume. This being the case,
it is assumed that the technique is also valid for measuring
the pore volume distribution for any local region in a
coating cross-section.
2. The total void space in a coating film is not evenly
distributed through the thickness of the film. The density
distribution is characterized by a bulky region sandwiched
between two dense regions near the boundaries of the film.
3. Up to a point, increasing the drying rate of the
coating film results in an increase in the total void volume
of the film, characterized by a reduction in the depth of the
dense regions and an increase in thickness of the bulky
region (as described above). In addition, increasing the
drying rate increases the difference between the density
minimum and maximum in the coating.
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4. At low drying rates, <3 kg/m2 hr, there appears to be
sufficient time for coating particles to make a dynamic
response to forces acting on the particles as a result of
consolidation. The dynamic response of the particles to
consolidation forces made a significant contribution to the
packing structure of the pigment films. Increasing the
drying rate beyond 3 kg/m2hr apparently reduces the time
available for particles to react to consolidation forces and
thereby limits particle reorientation and makes any effect on
packing structure undetectable.
5. The results of this study are significant for
coatings dried at low rates. Extrapolating the results to
drying rates commonly used in the coating industry would lead
to the conclusion that, with all other factors equal,
increasing the drying rate would have minimal effect on the
resultant particle packing structure of the coating.
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FUTURE RESEARCH
The conclusions drawn from this study and the techniques
developed for analysis of coating structure lead to two paths
of continued research. First, the effect of drying rate on
coating structure should be studied further. Logically, a
study of the effect of drying rate on the void volume
distribution of coatings applied to porous media should
follow this work. The main objective would be to determine
the dewatering mechanism which has the greatest influence on
structure: filtration into the substrate or evaporation from
the surface. Such a study, using paper for a substrate,
would complete the picture of the effects which drying
strategy could have on packing structure.
A second direction would be to experimentally test the
work of Kent and Lyne(67) concerning liquid absorption and
capillary geometry. Study of the relative quantities of
specific pore geometries in conjunction with a liquid
penetration rate study would test Kent and Lyne's model. The
analysis technique developed here could be refined to measure
the distribution of specific pore geometries through the
thickness of the coating. Additional work would include
testing the effects of the density distribution on other
physical properties such as pick strength and fracture
mechanisms as well as opacity and gloss.
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ANALYTICAL METHODS FOR QUANTIFYING COATING STRUCTURE
Morphological analysis in the z-direction of paper is
difficult due to paper's thickness relative to its
morphological properties. The method employed in this thesis
is microscopic examination of cross sections of embedded
samples. This method has a major disadvantage, in that any
effect of structural formation on strength, elastic moduli,
or absorptive properties can not be measured. In addition,
x-y analysis is impossible without 3-D reconstruction.
Three-dimensional reconstruction techniques have not
developed sufficiently to yield quantitative data. Ideally,
surface layers could be removed without damaging the
remaining structure. Tests could be performed on the
remains, followed by removal of another layer and subsequent
tests. In this way the morphology of a material through its
thickness could be determined and the contribution of the
local morphology to the bulk properties of the structure
could be determined as well.
Excimer Laser Ablation
Excimer lasers are pulsed lasers with maximum average
output at 248 nm, using a KrF laser, of about 80 watts. The
lasers high power output can be used to drill holes in
metals, mark or score glass and ceramics, and sculpt organic
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materials. The destruction of these materials occurs by
ablation(1). The energy transmitted to the material causes
its destruction by disrupting the molecular integrity of the
material. The products are ejected from the area of ablation
at high speed and can be collected and analyzed. Whether the
mechanism is purely photochemical, purely thermal or a
combination of the two has not been solved. What makes the
process of the excimer unique is the lack of detectable
thermal damage to the substrate(2).
An excimer is an atom, molecule or ion that exhibits
dimer characteristics while in one of its excited states. If
one or both of the atoms making up the excimer is a rare gas
atom, the excitation energy is large allowing high powered
laser emission. The active medium in an excimer laser can be
an excited rare gas dimer (Ar2 *, Kr 2*, Xe2 *), a rare gas oxide
(ArO*, KrO*, XeO*) or a rare gas atom in combination with a
halide atom (ArF*, KrF*, XeF*). The pure rare gas systems
and the rare gas halides lase in the Ultraviolet (UV) region
while all of the rare gas oxides lase around 558 nm(l).
The penetration of the radiation from an excimer laser
follows Beer's Law:
It = Io exp(-al) (al)
where Io and It are the beam intensities before and after
transmission respectively. The intensity after transmission,
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It, is exponentially related to the sample thickness, 1, and
the sample's absorptivity, a.
If the intensity per unit area or fluence of the laser
is above a threshold level ablation will occur. The
threshold fluence is a function of the material absorptivity
and the power of the laser per pulse. The depth of ablation
per pulse is a function of the pulse energy, extent of focus
of the beam, energy of the pulse and the ability to remove
the ablation products.
Excimer pulsed laser technology could be used to remove
thin layers (0.1 um) of the coating surface, exposing a fresh
surface for examination. In this way, the coating film would
be physically sectioned in the z-direction. Each ablated
surface would represent a successive layer of coating that
could be analyzed to determine the pore volume. The products
of the ablation could be quantitatively analyzed producing
information necessary for measurement of the binder
concentration distributions in coatings.
One drawback of the use of excimer laser technology is
obtaining a laser of wavelength and lasing power suitable for
ablating coating pigment and coating binder at the same rate.
Porous media poses another problem. The laser cannot
differentiate between the surface and the bottom of a pore,
resulting in an uneven ablation front. Analysis of a coating
structure that has been ablated nonuniformly would be
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difficult to do accurately. A surface consisting of a solid
single material would ablate with greater uniformity,
allowing the possibility of practical use of the excimer
laser as a "surface grinder".
Literature concerning the application of excimer lasers
and a business card that had been used to focus an excimer
laser beam was obtained from Mike Scaggs of Lambda Physik (an
excimer laser manufacturer). The card was discolored where
the beam had contacted it and microscopic examination showed
evidence of surface damage. The business card was made from
a synthetic material and was coated on both sides, making it
difficult to decide what happened to the card during exposure
to the laser.
Surface examination of the laser etched business card,
sent to us by Lambda Physik, showed areas of fiber damage.
It was difficult to tell whether fibers had shrunk from
dehydration caused by heating, been burned away, or were
ablated. A cross-section of the areas of greatest damage
showed areas where fibers were loosened from the matt. It
was impossible to determine what mechanism was responsible
for the disruption of the fiber network.
Excimer laser ablation, as a method of successive layer
removal for analysis of coating structure, was not used
because of the difficulties that needed to be ironed out of
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the technique and because of the limited/costly availability
of a laser.
Plasma Etching
Plasma etching of cellulose has been investigated in a
large volume plasma generator by Sapieha et al.(3). Plasma
generated from CF4 /02 gases contain species that react with
polymeric samples producing radical sites. The radicals
readily undergo reactions with the source elements O and F to
cleave the polymer chains and remove material(3). The
apparatus for producing a large volume of cold plasma was
introduced by Bosisio, et al.(4) in 1973. Lamontagne et
al.(5) modified the device to include control of sample
temperature and gas pressure. They also added a rotational
stage to overcome any variations in field strength.
Sapieha et al.(3) studied the effects of gas composition
(rate of CF4 and 02 inflow) and pressure on the etch rate of
several papers and a coated sheet. They discovered that the
etch rate was dependent on gas pressure and on the gas
composition. They went on to determine the optimal
conditions for use on paper.
Etching of the paper surface showed that the plasma
preferentially removes microfibrils, small cellulose
fragments and other debris(3). The authors also suggested
that the plasma etch front extends a significant depth into
the paper. This is a result of non-uniform distribution of
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mass density through the thickness of the paper. If some way
of controlling the penetration of the etch front can be
developed, plasma etching may be a suitable way of removing
layers of paper.
Under the conditions chosen for the etching of paper,
etching of a coated paper was unsuccessful(3). It was
discovered that the inorganics were cleaned of organic
material and left on the paper. However, under different
conditions (i.e., pressure and gas composition), the
inorganic fraction can be etched(6). As in the excimer
laser, the inability to etch the inorganic and the organic
materials at the same rate may limit its applicability to
paper coatings. Another limiting factor is the inability to
determine where the material has been etched, in that plasma
etching appears to show preference to the material of least
mass.
Plasma generating systems like that used by Sapieha may
be commercially available and their use could be used for
paper. However, due to the time frame and budget of this
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EQUIPMENT AND SOFTWARE FOR TEMPERATURE ACQUISITION
Temperature measurements were made with type-J
thermocouples during drying trials in the experimental drier,
at the following locations:
1. Room conditions in close proximity to the drier.
2. In the air stream inside the drying box about 1/16"
above coating.
3. In the coating, inside the drying box (two
thermocouples).
4. In the air stream just prior to mouth of the flow
spreader (two thermocouples - dry bulb and wet bulb).
5. In the air stream immediately after the exhaust
conduit of the drying box (two thermocouples - dry
bulb and wet bulb).
The temperature data was gathered to document the drying
conditions for each coating trial. Dry bulb and wet bulb
thermocouples were used to measure the relative humidity of
the drying air at the inlet and outlet of the drying box and
to monitor the temperature of the drying air. The
thermocouples in the drying box were used to investigate how
the coating and the air in the chamber responded during
drying.
The interaction of the two metals which make up a
thermocouple result in a potential which is conveyed through
the thermocouple lead wires. The magnitude of the voltage is
related to the temperature at the thermocouple junction. By
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acquiring the voltage output from the thermocouple and
comparing it to a known calibration of the specific
composition of the thermocouple, the temperature at the
junction can be determined. Because of the number of
thermocouples and the other tasks required of the operator
during drying, an acquisition system was purchased to
directly acquire and store the thermocouple data. The
following is a list of the components used:
- Swan 10XT IBM compatible portable computer.
- MetraByte Das 8 data acquisition and control
interface Board.
- MetraByte Exp-16 universal expansion interface
multiplexer/amplifier board
Each pair of thermocouple leads was connected to a
separate channel of the Exp-16 board external to the
computer. The Exp-16 was housed in a electromagnetic shield
to reduce noise generated by stray radiation from the
computer monitor or computer itself. The Exp-16 amplified
the thermocouple signal 100 times prior to transmission to
the Das-8 board. The Das-8 converted the analog thermocouple
signal to a digital signal. The digital signals were
converted to temperatures through comparison with a
calibration table for the J-type thermocouples. The
resultant temperatures were stored along with the date,
channel and time of acquisition. These functions were all
controlled by a computer program written in BASIC. The
program, listed below, was a version of acquisition software
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supplied by MetraByte which was modified for use in the
system described above.
The system was capable of acquiring temperatures at two
different speeds. The speed was adjusted by changing the
clock speed of the computer. With the computer in standard
operating mode, 4.77 Mhz, temperatures were acquired and
stored approximately every two seconds. Invoking the turbo
on the computer, 10 Mhz, resulted in an acquisition every 0.8
second.
The software, as supplied, stored the data as a binary
file which was easily read in basic for manipulation. The
program was modified to convert the binary data to ASCII data
in a comma separated variable (CSV) format. This format was
easily read by most personal computer spreadsheets enhancing
the graphing capabilities of the data.
Calibration of the thermocouples at 0°C and 100°C showed
them to be accurate to 2°C. The variation in temperature
reported by the acquisition system when the thermocouples
were held at constant temperature was 0.5°C. Temperatures
reported for each coating trial were the result of averaging
the recorded data over as long a time as possible with at a
minimum of 15 data points.
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120'* EXAMPLE OF USING ONE EXP-16 WITH DAS-8 AND J
THERMOCOUPLE *




150 SCREEN 0,0,0: KEY OFF : CLS : WIDTH 80
155 GOSUB 2000:CLS
160 'This example performs scanning and measurement of J type
thermocouples




200 '1 - Initialize DAS-8 and load thermocouple look up
tables
210 '2 - Dimension other arrays and provide set up
information
220 '3 - Measure temperature of connector block from CJC
channel
230 ' (CJC = cold junction compensation)
240 '4 - Measure output voltages of thermocouples on EXP-16
250 '5 - Convert, correct and linearize thermocouple outputs
to degrees
260 '6 - Display output
270 'Note that thermocouple routines J.BAS, K.BAS etc. are in
ASCII form and
280 'can be MERGE'd with any program and edited in.
290 '
300 'For purposes of example the EXP-16 output channel should
be connected to
310 'DAS-8 channel #0 and the CJC channel to DAS-8 channel
#7.
320 '
330 '---- STEP 1: Contract BASIC workspace, load DAS8.BIN and
initialize ---
340 '
350 'See LOADCALL.BAS for a fuller explanation of Step 1 and
an alternative
360 'way of loading outside workspace.
370 '
380 CLEAR, 49152!
385 LOCATE 25,1:COLOR 0,7:PRINT"-PLEASE WAIT-";:COLOR
7,0:PRINT" Loading DAS-8 I/O address and thermocouple
lookup table data":LOCATE 1,1
390 DEF SEG = 0
400 SG = 256 * PEEK(&H511) + PEEK(&H510)
410 SG = SG + 49152!/16
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420 DEF SEG = &H4000
430 BLOAD "c:\basic\DAS8.BIN", 0
450 LET BASADR% = 768 'initialize & declare CALL parameters
470 DAS8 = 0
480 FLAG% = 0
490 MD% = 0 'Mode 0 = initialization
500 CALL DAS8 (MD%, BASADR%, FLAG%)
510 IF FLAG% <>0 THEN PRINT"INSTALLATION ERROR"
520 e
530 'Load thermocouple linearizing look up data
540 GOSUB 50000
542 'Get gain setting of EXP-16
545 LET AV = 100
547 CLS
550 '---- STEP 2: Initialize an integer array D%(15) to
receive data
560 DIM D%(12) '16 elements, one for each EXP-16 channel
570 'Also initialize a corresponding real array to receive
temperature data
580 DIM T(12)
585 LET NR = 1
590 INPUT "Name of Data File (e.g. B:MYFILE.DAT)";FILE$
591 INPUT "Name of data file in ASCII form" ;ASKES
593 CLS
594 OPEN FILES AS #1
596 FIELD #1, 10 AS DT$, 8 AS TM$, 5 AS T0$, 5 AS T1$, 5 AS
T2$, 5 AS T3$, 5 AS T4$, 5 AS T5$, 5 AS T6$, 5 AS T7$, 5
AS T8$, 5 AS T9$, 5 AS T10$, 5 AS Tll$, 5 AS T12$, 5 AS
CJC$
600 '---- STEP 3: Get cold junction compensation temperature
610 'Output of CJC channel is scaled at 24.4mV/deg.C. This
corresponds to
620 '0.1 deg.C./bit. Dividing output in bits by 10 yields
degrees C.
630 '
640 'Lock DAS-8 to channel #7 (CJC channel selected) using
mode 1
650 MD%=1 : LT%(0)=7 : LT%(1) = 7
660 CALL DAS8 (MD%, LT%(0), FLAG%)
670 IF FLAG% <> 0 THEN PRINT "ERROR IN SETTING CJC CHANNEL" :
END
680 'Next get CJC data from this channel using Mode 4
690 MD% = 4 : CJ% = 0
700 CALL DAS8 (MD%, CJ%, FLAG%)
710 'Change output in bits to real temperature
720 CJC = CJ%/10
730 '
740 '----- STEP 4: Get the thermocouple data
750 CH% = 0
760 GOSUB 1000
770 'This step is written as a subroutine so you can use it
in your own
780 'programs by editing it out. Entry parameters are:-
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790 ' CH% - specifies DAS-8 channel that EXP-16 is connected
to (0-7).
800 ' D%(11) - integer data array to receive data from
channels.
810
820 '----- STEP 5: Convert data to volts and linearize
830 'AV = Gain setting on Dipswitch of EXP-16 (change to
suit).
840 FOR I = 0 TO 12
850 V = (D%(I)*5)/(AV*2048)
855 IF 1=12 THEN GOTO 5000
860 GOSUB 51000 'perform look-up linearization
870 T(I)=TC '= TF for degrees Fahrenheit
880 NEXT I
890 '
900 '----- STEP 6: Display temperature data
910 LOCATE 1,1
920 FOR I= 0 TO 12




944 PRINT USING "Cold junction temperature (CJC) = ###.# deg.
C.";CJC
950'Converts Data to Binary from for writing to a file
960 LET TI$ = TIME$
962 LET DAT$ = DATE$
964 LSET DT$ = DAT$
966 LSET TM$ = TI$
968 LSET T0$ = MKS$(T(0))
970 LSET T1$ = MKS$(T(1))
972 LSET T2$ = MKS$(T(2))
974 LSET T3$ = MKS$(T(3))
976 LSET T4$ = MKS$(T(4))
978 LSET T5$ = MKS$(T(5))
980 LSET T6$ = MKS$(T(6))
982 LSET T7$ = MKS$(T(7))
984 LSET T8$ = MKS$(T(8))
986 LSET T9$ = MKS$(T(9))
988 LSET T10$ = MKS$(T(10))
989 LSET T1l$ = MKS$(T(11))
990 LSET T12$ = MKS$(T(12))
991 LSET CJC$ = MKS$(CJC)
992 PUT #1, NR
994 NR = NR + 1
995 A$=INKEY$: IF A$="" THEN GOTO 600
997 IF ASC(A$)=27 THEN GOTO 3000
999 GOTO 600
1000 '---- Subroutine to convert EXP-16 channels to number of
bits
1010 'First lock DAS-8 on the one channel that EXP-16 is
connected to.
1020 LT%(0) = CH% : LT%(1) = CH% : MD% = 1
1030 CALL DAS8 (MD%, LT%(0), FLAG%)
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1040 IF FLAG% <> 0 THEN PRINT "ERROR IN SETTING CHANNEL" :
END
1050 'Next select each EXP-16 channel in turn and convert it.
1060 'Digital outputs OP1-4 drive the EXP-16 sub-multiplexer
address, so use
1070 'mode 14 to set up the sub-multiplexer channel.
1080 FOR SUB% = 0 TO 12 'note use of integer index SUB%
1090 MD% = 14
1100 CALL DAS8 (MD%, SUB%, FLAG%) 'address set
1110 IF FLAG% <> 0 THEN PRINT "ERROR IN EXP-16 CHANNEL
NUMBER" : END
1120 'Now that channel is selected, perform A/D conversion
using mode 4.
1130 'Transfer data to corresponding array element D%(SUB%)
1140 MD% = 4 'do 1 A/D conversion
1150 CALL DAS8 (MD%, D%(SUB%), FLAG%)
1160 IF FLAG% <> 0 THEN PRINT "ERROR IN PERFORMING A/D
CONVERSION"
1170 'Now repeat sequence for all other EXP-16 channels
1180 NEXT SUB%
1190 'All done - return from subroutine
1200 RETURN
1210 '
2000 '---- Subroutine to describe operation and connections
(pre-amble)
2010 CLS
2020 PRINT" This program demonstrates the operation of
J thermocouples"
2030 PRINT"with the EXP-16/DAS-8 combination. It performs the
following:-"
2040 PRINT
2050 PRINT"1. Acquires the data"
2060 PRINT"2. Linearizes and performs cold junction
compensation"
2070 PRINT"3. Displays data"
2080 PRINT"4. Repeats display until <Ctrl-Break> is pressed"
2090 PRINT
2100 PRINT"The thermocouples should be attached to the HI &
LO's of each"
2110 PRINT"channel on the EXP-16 starting with channel 0.
Also you should"
2115 PRINT"connect LO to L.L. GND. on each channel.
Alternatively, for a"
2120 PRINT"permanent installation, a better method is to fill
the solder gaps"
2130 PRINT"on the back of the EXP-16 board behind the
connector with solder"
2140 PRINT"so that the two semi-circular halves are shorted
together. The"
2145 PRINT"thermocouples can then be connected to HI & LO
only (no jumper is"
2147 PRINT"required to L.L. GND.)."
2150 PRINT"Set the OUTPUT CHANNEL jumper block to position 0
and the CJC"
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2155 PRINT"CHANNEL to position 7."
2160 PRINT"On running the program, you will be prompted
for the gain"
2170 PRINT"setting of the EXP-16. Usually a gain of 100,200
or 1000 is best"
2180 PRINT"for thermocouples depending on their output and
measuring range."
2185 PRINT "LIST this program for commented explanation of
steps."
2190 PRINT:COLOR 0,7:PRINT" - Press any key to continue -
";:COLOR 7,0
2200 IF INKEY$="" GOTO 2200
2210 RETURN
2999 ---- Conversion of binary to ASCII file in CSV form
3000 LOCATE 20,5:COLOR 0,7:PRINT "DATA COLLECTION
TERMINATED";:COLOR 7,0
3005 LET NR = 1
3010 LOCATE 22,5:PRINT "PROCEEDING WITH DATA CONVERSION TO
ASCII FORM"
3015 LOCATE 24,5:PRINT "TO ABORT THE CONVERSION OF DATA HIT
THE <Esc> KEY"
3025 OPEN "O", #2, ASKES
3110 GOSUB 3210




3140 LET NR = NR + 1: ROW = ROW + 1
3150 A$=INKEY$:IF A$="" GOTO 3200
3160 IF ASC(A$)=27 THEN GOTO 4620
3200 GOTO 3110
3210 LET EF = 0
3220 GET #1, NR
3230 DAT$=DT$
3240 TI$=TM$
3250 TO = CVS(TO$)
3260 T1 = CVS(T1$)
3270 T2 = CVS(T2$)
3280 T3 = CVS(T3$)
3290 T4 = CVS(T4$)
3300 T5 = CVS(T5$)
3310 T6 = CVS(T6$)
3320 T7 = CVS(T7$)
3330 T8 = CVS(T8$)
3340 T9 = CVS(T9$)
3350 T10 = CVS(T10$)
3360 T11 = CVS(T11$)
3370 T12 = CVS(T12$)
3410 CJC = CVS(CJC$)
3420 IF ASC(MID$(DAT$,3,1))=0 THEN EF = 1





4010 LOCATE 20,1:COLOR 0,7:PRINT "TERMINATED";:COLOR 7,0
4020 LOCATE 21, 1: CLOSE #1: END
4600 CLOSE #1
4605 CLS
4610 CLOSE #2:LOCATE 20,1:PRINT "END OF FILE":PRINT " NUMBER
OF RECORDS = ";INT(NR-1):END
4620 CLOSE #1
4625 CLS
4630 CLOSE #2:LOCATE 20,1:PRINT "BREAK":END




5020 PRINT USING "Channel ## Output = #.##### mV
";I;T(I)
5030 GOTO 940
5040 IF 1=12 THEN GOTO 5020
50000 '----- Table lookup data for J type thermocouple
50010 'Run this subroutine only in the initialization section
of your program
50020 'Number of points, voltage step interval (mV), starting
voltage (mV)
50030 DATA 257 , .2 , -8.2
50040 READ NJ, SIJ, SVJ

























50130 DATA 109.8, 113.4,
135.3, 139.0, 142.6
50140 DATA 146.2, 149.9,
171.6, 175.2, 178.8
50150 DATA 182.4, 186.0,
207.6, 211.2, 214.8
50160 DATA 218.4, 222.0,
243.6, 247.2, 250.8
50170 DATA 254.5, 258.1,
279.7, 283.3, 286.9
50180 DATA 290.5, 294.1,
315.8, 319.4, 323.0
50190 DATA 326.7, 330.3,
352.0, 355.6, 359.3
-80.3, -75.8, -71.3, -66.8, -62.4,




46.5, 50.3, 54.1, 57.8,
80.3, 84.0, 87.7, 91.4, 95.1,
117.1, 120.7, 124.4, 128.0, 131.7,
153.5, 157.1, 160.7, 164.3, 168.0,
189.6, 193.2, 196.8, 200.4, 204.0,
225.6, 229.2, 232.8, 236.4, 240.0,















































































370.1, 373.8, 377.4, 381.0, 384.7,
406.4, 410.1, 413.7, 417.3, 420.9,
442.6, 446.3, 449.9, 453.5, 457.1,
478.7, 482.3, 485.9, 489.5, 493.1,
514.5, 518.0, 521.6, 525.1, 528.7,
549.8, 553.3, 556.8, 560.3, 563.8,
584.6, 588.1, 591.5, 594.9, 598.4,
618.8, 622.1, 625.5, 628.9, 632.2,
652.2, 655.5, 658.8, 662.1, 665.4,
685.0, 688.2, 691.5, 694.7, 697.9,
717.1, 720.3, 723.5, 726.6, 729.8,
748.7, 751.8, 755.0, 758.1, 761.2
NJ-1:READ TJ(I):NEXT I
51000 '------ Interpolation routine to find J thermocouple
temperature
51010 'Entry variables:-
51020 ' CJC = cold junction compensator temperature in deg.
C.
51030 ' V = thermocouple voltage in volts
51040 'Exit variables:-
51050 ' TC = temperature in degrees Centigrade
51060 ' TF = temperature in degrees Fahrenheit
51070 'Execution time on std. IBM P.C. = 46 milliseconds
51080 'Perform CJC compensation for J type
51090 VJ = 1000*V + 1.277 + (CJC-25)*.05155 'VJ in mV
(corrected 4/5/85)
51100 '
51110 'Find look up element
51120 EJ = INT((VJ-SVJ)/SIJ)
51130 IF EJ<0 THEN TC=TJ(0):GOTO 51170 'Out of bounds, round
to lower limit
51140 IF EJ>NJ-2 THEN TC=TJ(NJ-1):GOTO 51170 'Out of
bounds,round to upper limit
51150 'Do interpolation
51160 TC = TJ(EJ) + (TJ(EJ+1) - TJ(EJ))*(VJ-EJ*SIJ-SVJ)/SIJ
'Centigrade




Transcription of notes made by Dr. Lindsay on the heat
and mass transfer calculations for the drying of the
coating film in the experimental low velocity air flow
drier.
Dan:
My analysis indicates that your measurements are
reasonable. There should not be a significant gradient in
temperature near the surface. It just takes an awfully long
time to reach the wet bulb temperature for a saturated
coating on glass. The temperature drops you observe are
entirely reasonable, unless I've really goofed
-J. Lindsay
Problem:
Hot air, laminar flow, removes moisture from a coating on a
glass substrate. How does the temperature in the coating
change with time? Is there a steep gradient in the coating?
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Assumptions:
- Back of glass is insulated.
- Air temperature is constant at 53°C.
- Coating surface stays saturated (situation up to the
gloss point)
- Coating and glass have the same thermal properties.
- The thermal properties remain constant.
- Drying air has 0% relative humidity.
Governing Equations:
In the coating and glass, transient heat transfer is
governed by the heat equation:
6T/6t = a(62 T/6x2) a = Thermal diffusivity, m2 /s.
At the upper surface, heat in = heat out, or
-k(6T/5x)x=o + h(Tai r - Tsurf ) = -mhvap
where k = conductivity of the coating (W/m°C)
h = heat transfer coefficient (W/m2 °C)
hvap = heat of vaporization (J/kg)
m = evaporative mass flux (kg/m 2 s)
R = hm(CH20, sat - CH20, air)
h = mass transfer coefficient (m/s)
C = concentration (kg/m 3 )
Let CH20,air = 0 then
CH20,sat = (Psat(Tsurf) x MW)/R(Tsurf + 273.15)
MW = molecular weight of water (18 kg/kgmole)
R = Gas Constant (8314 J/kgmole°C)
Psat = Saturation pressure
Tsurf = Surface temperature in °C
Psat(T)=exp(23.3265-(3802.7/(T+273.15))-(472.7/(T+273.15))
2 )
[From Chem Eng. Prog., March 1991]
Now all we need are h, hm and properties.
Chilton-Colburn analogy: h/hm = kair/(DH20-air x Le0 -33 )
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Le = aair/DH20-air at 500C, DH20-air = 0.26X10 - 4 m2 /s
kair = 0.028 W/mK
(air = 2.8x10-5 m 2 /s
Le = 1.077 - hm = h/1051 J/m3 °C
But what is h? Nu = hL/kair, L = Characteristic length
For laminar flow in a pipe,
Nu = 3.66 for constant Tsurf
4.36 for constant heat flux.
For flow over a flat plate,
Nu = 0.332xRex/ 2xPrl/3, Re=vx/ar air ai=17xl 6 m2 /s
v = 0.5 m/s
x = 5 cm
Nu = 0.332 x (0.5*0.5/(1.7x10-6))1/2 x (0.7)1/3 = 11
I expect Nu to be in the range of 4 to 11
h = (6 x 0.028 W/mK)/0.05m = 3.4 W/m2K
But I think the characteristic length may be closer to 1
cm, in which case we could use Nu=4.3 to get,
h = (4.3 x 0.028 W/mK)/0.Olm = 12 W/m 2K
I should look-up actual Nu values for flow between
parallel plates, but I think h = 12 W/m2K will be a good
estimate.
If h = 12 W/m 2 K then hm = 0.011 m/s
Coating/glass Properties:
I'll use intermediate values between clay, glass and
water.
k = 0.78 W/m°C, d = 1900 kg/m 3, Cp = 2000 J/kg°C,
a=2.05x10 - 7 m2/sec, and hvap = 2.4x106 J/kg
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Finite Difference Approach:
Ti° means the T i from the previous time step. The last
node is insulated, so TN+1 = TN.
I'll use the Crank-Nicholson scheme for stability and
speed. This means that all Ti's appearing on the r.h.s.
are replaced with 0.5(Ti + Ti
0 ) -- in other words, it's
half implicit and half explicit in time.
The Crout algorithm is used to solve for the implicit
temperatures.
I'll use 200 nodes, each 15 pm thick (the upper node is
7.5 gm thick). Temperatures are determined at
thicknesses of 0, 15, 30m,...,etc. and printed out for
locations of 0, 15, 30, 45, 60, 300m and 3000pm (end
point).
Fortran Code is Attached and Results follow.
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PROGRAM BUNKER
C**** TEST THIS WITH PLAIN WATER TO SEE IF IT GIVES THE
C'
***
TRUE STEADY STATE TEMPERATURE
C T is in Celsius
IMPLICIT NONE
INTEGER N,NTIME
C PARAMETER (NX = 200)
INTEGER J,NOUTLITE,NANS,I,MM,ITER
INTEGER EVENT, INF01,INFO2
REAL ALPHA,K,KAIR,R,MW, DAB, TEST,






LOGICAL NEXT ! If TRUE, go to next time step
$INCLUDE: HLTBI. CON
DATA TAB/9/
PSAT(Z)= EXP(23.3265-3802.7/(Z+273.18)-(472.68/(Z+273.18))**2) ! Z is in Celsius
MDOT(Z,HM) = -BM*18.* EXP(23.3265-3802.7/(Z+273.18)-(472.68
& /(Z+273.18))**2)/(8314.*(Z+273.15))
C PSAT(T)= EXP(23.1964 - 3816.44/(T+227.05) ) ! T is in Celsius
C MDOT(Z,HM) = -HM*18.* EXP(23.1964 - 3816.44/(Z+227.05) )
C & /(8314.*(Z+273.15))
C READ IN INITIAL INFO ABOUT THE CASES TO BE RUN
C AND INITIALIZE A FEW FIXED TERMS
TEST = PSAT(53.)
TYPE *,'PSAT(53) = ',TEST
TEST = MDOT(53.,.012)
TYPE *,'MDOT(53.,.012) - ',TEST
TYPE *, 'ENTER OUTPUT FILE NAME'








C---- ALL SI UNITS
R = 8314. !J/kgmol C
MW = 18
C---- Properties of the coating/solid section
K=0.78 !W/m C
ALPHA = 2.053E-07 !m^2/sec
RO = 1900 ! kg/m^3
CP = 2000 ! J/kg C
HVAP = 2.4E06 ! J/kg ** correct? **
C---- Properties for air
DAB = 0.26
H = 12.04 !W/m^2 C
HM = H/1.051E03
CPAIR = 1000 !J/kg C
KAIR = 0.028 ! W/m C
ROAIR = 1 ! kg/m'3





DO 10 J = 1,N
T(2,J)=TINIT
10 T(1,J) = TINIT
L = .003 ! m
DX = L/N ! '4-MiGNRNS \S A^
DTMAX = DX**2/(2*ALPHA)
TYPE *,'DTMAX IS ',DTMAX
TYPE *,'ENTER DT AND # OF TIME STEPS'
READ *, DT,NTIME
NOUTLITE = INT(0.05/DT) ! number of steps before outputting data - every .05 s
C -------------------------------
C---- Begin the batch cycle here:
C ONE CASE AT A TIME
C------- -- _--------------------
TIME = 0
DO 700 MM=2,NTIME !This begins the time stepping loop
C----------------------------------------------
C----- CHECK FOR EVENTS: A MOUSECLICK OR TYPING TO PAUSE.
C PERHAPS THE USER WANTS TO CHANGE THE VALUE OF DT
C------ --------------- --
CALL WINDTB(GEVENT,0, EVENT, INFO1,INFO2)
IF(EVENT.GT.1) THEN !Pause, release control
TYPE *,'ITERATION, TIME = ',MM, TIME
TYPE *,'HERE ARE THE UPPER 15 TEMPS:'
DO 3954 J=1,15
3954 TYPE *,J,T(2,J)
TYPE *,'CARE TO CHANGE DELT? NOW IT IS',DT
TYPE *,'TYPE ANY NUMBER TO CONTINUE, 1 TO CHANGE DT'
READ *,NANS
IF (NANS.EQ.1) THEN
TYPE *,'NEW DT AND NOUT:'
READ *,DT,NOUTLITE
C NOUTLITE = INT(0.05/DT)
END IF
END IF ! End the block checking for events like a mouse click.
C--------------------------------- -----
C SEE IF THE CASE IS OVER
C---------------------------- -- -- ------
C---- UPDATE THE CURRENT TIME AND SEND TO SCREEN.
TIME = TIME + DT
TYPE *,'TIME, TSURF:',TIME,T(2,1)
C--------------------------------------- _....
C GET THE NEW TEMPERATURES
C USE THE CRANK-NICHOLSON APPROACH
C---------------------------------------
C--- LOWER SURFACE (INSULATED)
A(N) = 1./DT + 0.5*(ALPHA/(DX*DX))
B(N) = 0.5*(-ALPHA/(DX*DX))
C(N) = 0
S(N) = T(1,N)/DT + 0.5*ALPHA/(DX*DX)*(T(1,N-1)-T(1,N)) ! THE insulated back boundar
y
C--- UPPER SURFACE (EVAPORATIVE COOLING OCCURS HERE)
A(1) = RO*CP*DX*0.5/DT + 0.5*(K/DX + H)
B(1) = 0
C(1) = 0.5*(-K/DX)
QEVAP = MDOT(T(1,1),HM)*HVAP ! W/m^2
S(1) = T(1,1)*(RO*CP*DX*0.5/DT) + H*TAIR +
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& QEVAP + 0.5*(K/DX*T(1,2) -(K/DX+H)*T(1,1))
C--- MAIN BODY OF COATING AND SOLID (INTERIOR NODES)








DO 101 J = 1,N





C OUTPUT ESULTS--------------  ------------- -- - -
C OUTPUT RESULTS
C-------.---------------------- .--.--




8339 FORMAT (10 (E12.5,A1))
CLOSE (UNIT13)
END IF
700 CONTINUE ! DO loop for multiple time steps
9999 CONTINUE ! DO LOOP for multiple cases.




C CROUT reduction solver for tridiag. systems unique solutions:
C ALG067 from Math 411. Details on p. 312 of Burden, Faires,
C and Reynolds, Numerical Analysis, 2nd ed., Prindle, Weber and
C Schmidt, Boston, Mass., 1981,
DIMENSION A(300),B(300),C(300),BB(300),Z(300),X(300)
C----- A is the main diagonal, B the lower, and C the upper.
C B(1) and C(N) are not used, i.e. B goes from 2 to N,
C C from 1 to N-l.
C BB is the result vector: e.g., B(J)X(J-1)+A(J)X(J)+C(J)X(J+1)=BB(J)
C X is the output vector.
C STEP 1:
C The entries of U overwrite C and the entries of L overwrite A.
C However, the first and last A values do not get changed if C(1)




A(I)=A(I)-B(I)*C(I-1) ! Ith row of L
10 C(I)=C(I)/A(I) ! (I+l)st column of U
C STEP 3:
A(N)=A(N)-B(N)*C(N-1) ! Nth row of L
C STEP 4:














Temperature drop with h = 69.3 W/m^2 C




- 300 microns Bottom (3000 am)
Figure A3.1. Calculated temperature versus time plot for the














Figure A3.2. Calculated temperature versus time plot for
coated glass-heat transfer coefficient 12 W/m2°C
55
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Figure A3.3. Firat 100 seconds of Fig. A3.2 including the
temperature at 300 um into the glass from the
coating surface
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Biot analysis:
Bi = hL/kcoating _ 12 W/m2°C x 0.03m/0.78 W/m°C = 0.28
Lumped capacitance may not be appropriate. Try it
anyway.
Use Heisler Charts, page 192 of Lncropera and Dewitt.
use L = 0.01m
Fo =(t/L
2= 2.05xlO-7m 2/s*t/(0.01m)2 = 2.05x10-3 x t s- 1
O = (Tmidplane - Tair)/(Tinitial - Tair)
Whoops!, Tinitial = Tair Forget it. The whole approach
is clearly not appropriate. However, if Tinitial = Tair
is not the case and using B-1 = 3, the Heisler chart
indicates that for 0 to be 0.5, Fo= 2 so t = 1000 sec.
That's right! Thousands of seconds are needed to reach
thermal equilibrium.
Conclusions:
The rate of temperature decline that you see is
reasonable. Based on your data, I'd say h is probably
larger than 12 W/m20C but less than 69 W/m2 0C. Of
course, all this was rough and the truth requires better
values for physical properties and better knowledge of h
and hm. But the values used here are reasonable, and
the results make your data look reasonable.
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APPENDIX IV
Temperature response of the coating glass interface with
drying at various drying rates.
See Figs. 30 and 31 for locations of resistors A - F and
Table VII for parameters used in each trial.
page
Trial PT1 Glass plate at room temperature inserted into
drier at 54°C. 256
Trial PT2 Glass plate at room temperature inserted into
drier at 54°C. 258
Trial PT3 Glass plate at room temperature inserted into
drier at 54°C. 260
Trial PT4 Glass plate at room temperature inserted into
drier at 54°C. 262
Trial PT5 Glass plate at 58°C inserted into the drier
operating at 54°C. 264
Trial PT6 Glass plate at 58°C inserted into the drier
operating at 54°C. 266
Trial PT7 Coating/glass interface temperature inserted
into drier at 54°C and 15% relative humidity. 268
Trial PT8 Coating/glass interface temperature inserted
into drier at 54°C and 15% relative humidity. 270
Trial PT9 Glass plate at room temperature inserted
into drier at 32°C. 272
Trial PT10 Glass plate at room temperature inserted
into drier at 32°C. 274
Trial PT11 Glass plate at room temperature inserted
into drier at 32°C. 276
Trial PT12 Glass plate at room temperature inserted
into drier at 32°C. 278
Trial PT13 Glass plate at 38°C inserted into drier
at 32°C. 280
Trial PT14 Glass plate at 36°C inserted into drier
at 32°C. 282
Trial PT15 Coating/glass interface temperature during
drying at 35°C and 15% relative humidity. 284
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page
Trial PT16 Coating/glass interface temperature during
drying at 35°C and 15% relative humidity. 287
Trial PT17 Coating/glass interface temperature during
drying at 54°C and 15% relative humidity. 289
Trial PT18 Coating/glass interface temperature during
drying at 54°C and 15% relative humidity. 291
Trial PT19 Coating/glass interface temperature during
drying at 54°C and 15% relative humidity. 293
Trial PT20 Coating/glass interface temperature during
drying at 54°C and 25% relative humidity. 295
Trial PT21 Coating/glass interface temperature during
drying at 54°C and 85% relative humidity. 297
Trial PT22 Coating/glass interface temperature during
drying at 35°C and 15% relative humidity. 299
Trial PT23 Coating/glass interface temperature during
drying at 35°C and 15% relative humidity. 301
Trial PT24 Coating/glass interface temperature during
drying at 35°C and 15% relative humidity. 303
Trial PT25 Coating/glass interface temperature during
drying at 35°C and 85% relative humidity. 305
Trial PT26 Coating/glass interface temperature during
drying at 35°C and 85% relative humidity. 307
Trial PT27 Coating/glass interface temperature during
drying at 35°C and 85% relative humidity. 310
Trial PT28 Coating/glass interface temperature during
drying at 35°C and 55% relative humidity. 312
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Time A B F C
sec. - --------- ---------- ---------- ----------
86 35.92 33.08 29.95 32.24
91 36.40 33.58 30.33 32.63
97 36.85 34.11 30.72 32.91
102 37.34 34.46 31.01 33.16
108 37.76 34.83 31.31 33.59
114 38.15 35.26 31.66 34.07
119 38.57 35.69 32.02 34.29
125 38.93 36.06 32.34 34.62
131 39.33 36.36 32.62 34.94
136 39.70 36.68 32.87 35.30
142 40.03 37.09 33.20 35.67
147 40.38 37.49 33.56 35.89
153 40.72 37.79 33.84 36.15
159 41.06 38.03 34.07 36.51
164 41.34 38.43 34.42 36.88
170 41.64 38.78 34.73 37.03
175 41.93 39.03 34.97 37.27
181 42.18 39.25 35.18 37.66
187 42.44 39.58 35.46 37.95
192 42.70 39.95 35.81 38.06
198 43.00 40.10 36.03 38.38
203 43.19 40.34 36.21 38.73
209 43.42 40.71 36.55 38.86
215 43.67 40.95 36.81 38.98
361 47.41 45.50 41.31 43.43
372 47.69 45.89 41.93 43.77
389 47.97 46.29 42.54 44.13
405 48.16 46.61 43.01 44.48
529 49.30 48.13 45.74 46.58
688 49.98 49.78 47.90 47.93
865 50.45 50.64 49.22 48.58
1049 50.63 50.83 49.57 48.87
1355 50.84 50.42 50.45 49.28




























































































































Table A4.PT2. Glass plate temperature inserted into drier at 54 C.
25 25 25 25 Left


































































































Time A B F C D E Edge
sec. ------- -----
50 34.07 32.08 29.24
56 34.68 32.47 29.55
61 35.22 32.94 29.90
67 35.76 33.49 30.28
72 36.34 33.91 30.61
78 36.86 34.34 30.92
84 37.33 34.88 31.26
89 37.83 35.32 31.66
95 38.36 35.64 31.92
100 38.81 36.00 32.21
106 39.17 36.49 32.54
112 39.63 36.94 32.91
123 40.44 37.58 33.43
128 40.80 38.08 33.83
243 46.53 43.92 38.48
254 47.01 44.57 39.27
265 47.35 44.94 39.76
277 47.72 45.35 40.26
288 47.97 45.74 40.67
300 48.31 46.09 41.11
459 50.52 49.52 44.86
623 51.41 50.89 46.71
804 52.23 50.27 48.99
987 52.79 51.02 50.20
1154 51.60 58.35 49.50
1337 51.58 58.42 49.80











































































































































































































































Table A4.PT3. Glass plate temperature inserted into drier at 54 C.
25 25 25 25 25 Left

















































































































































































Time A B F C D E Edge





































































































































































































































































































































































Table A4.PT4. Glass plate temperature inserted into drier at 54 C.
PT4
Ref. Temp. 23 23 23 23 23 23 Left
Resistors A B F C D E Edge




















































































































































































































Time A B F C D E Edge
sec. --------- - ------- ---------- ---------- --------- ..........
47 32.05 28.93 28.63 30.30 29.90 30.43
50 32.31 29.18 28.81 30.52 30.08 30.67
53 32.55 29.41 28.92 30.72 30.28 30.90
56 32.90 29.65 29.18 30.94 30.48 31.10
58 33.14 29.89 29.33 31.16 30.69 31.35
63 33.55 30.22 29.53 31.50 30.97 31.65
68 34.08 30.70 29.84 31.85 31.36 32.07
74 34.54 31.01 30.38 32.23 31.75 32.45
80 35.14 31.57 30.51 32.72 32.16 32.86
85 35.59 32.01 30.87 33.07 32.51 33.27
153 40.24 36.39 34.39 37.00 36.44 37.21
175 41.43 37.59 35.65 38.13 37.57 38.40
252 44.37 40.86 38.77 41.18 40.68 41.42
275 45.07 41.72 39.74 42.00 41.51 42.27
357 46.83 43.85 42.01 44.04 43.69 44.31
380 47.23 44.41 42.74 44.60 44.29 44.94
461 48.46 46.25 44.23 45.99 45.79 46.27
484 48.58 46.61 44.85 46.37 46.20 46.64
611 49.15 47.67 46.54 47.62 47.48 47.74
634 49.27 47.93 46.95 47.88 47.72 47.99
911 50.45 48.80 48.61 49.33 48.89 48.95
934 50.48 48.87 48.94 49.38 48.97 49.11
1212 50.38 49.29 49.46 49.41 49.22 49.45
1234 50.45 49.42 49.58 49.49 49.33 49.58
1392 50.30 50.09 49.36 49.41 49.35 49.37
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Time A B F C D E Edge
sec. ---------- --------- ---
39 54.85 56.06 56.19 56.15 89.22
42 55.03 56.03 56.53 56.21 55.17
45 55.55 56.59 56.00 56.07 23.12
48 55.47 55.91 55.96 56.07 55.75
51 55.37 55.82 55.92 56.05 55.80
53 55.32 55.72 55.88 55.97 55.72
56 55.21 55.62 55.82 55.93 55.69
59 55.18 55.58 55.74 55.83 55.57
62 55.12 55.49 55.67 55.80 55.56
64 55.06 55.44 55.60 55.68 55.47
67 55.00 55.40 55.53 55.65 55.43
70 54.97 55.33 55.48 55.59 55.39
73 54.93 55.31 55.45 55.54 55.39
75 54.86 55.23 55.36 55.48 55.33
78 - 54.81 55.18 55.27 55.43 55.25
81 54.80 55.16 55.18 55.35 55.13
84 54.72 55.06 55.18 55.34 55.14
86 54.64 55.00 55.16 55.37 55.18
89 54.61 54.92 55.09 55.30 55.11
184 53.23 53.33 52.72 53.78 53.43
279 52.48 52.31 51.31 52.75 52.35
444 51.58 50.90 49.69 51.23 51.07
624 51.50 50.50 49.27 50.67 50.43
924 51.37 50.38 48.71 50.51 50.10
















































































































































































































Table A4.PT6. Glass plate temperature at 58 C inserted into drier at 54 C.
PT6
Ref. Temp. 23 23 23 23 23 23 Left Left
Resistors A B F C D E Edge Time A B F C D E Edge
Time-sec. --- ---- ------ ------*S- c. -.- - ------- -------- se - - -- ------.-.. - ----- ---------
-21 58.05 58.06 58.14 58.08 58.10 58.09 42 55.93 55.91 56.80 56.36 56.26 56.17
-20 58.07 58.05 58.02 58.08 58.06 58.06 45 55.87 55.82 56.73 56.29 56.17 56.09
-18 67.43 58.02 57.97 57.98 57.98 57.95 48 55.81 55.81 56.63 56.11 56.06 56.08
-16 57.82 57.79 57.79 57.77 57.79 57.83 50 55.79 55.77 56.60 56.15 56.10 56.04
-15 57.71 57.73 57.74 57.71 57.71 57.77 53 55.67 55.67 56.57 56.18 56.11 55.98
-13 57.59 57.60 57.67 57.58 57.59 57.69 56 55.60 55.60 56.46 56.00 55.92 55.90
-11 57.50 57.53 57.59 57.52 57.52 57.56 59 55.53 55.54 56.43 56.03 55.95 55.86
-10 57.82 59.55 57.50 55.01 57.37 57.59 62 55.46 55.48 56.41 55.94 55.93 55.80
-8 66.01 57.23 57.71 57.69 57.23 2.16 67 55.45 55.43 56.37 55.93 55.90 55.72
-6 57.27 57.05 57.62 57.58 57.00 57.34 73 55.23 55.26 56.22 55.93 55.86 55.55
-5 57.18 57.10 57.71 57.48 57.11 57.21 79 54.97 54.99 55.99 55.70 55.50 55.37
-3 57.19 57.13 57.76 57.47 57.15 57.21 84 54.77 54.80 55.74 55.31 55.18 55.19
-2 57.27 57.16 57.78 57.36 57.06 57.31 89 54.67 54.67 55.64 55.22 55.08 55.10
2 57.07 56.99 57.79 57.36 57.15 57.21 166 52.87 53.30 52.99 54.00 53.68 53.25
3 57.08 57.02 57.78 57.28 57.08 57.21 240 52.13 53.03 51.68 52.66 52.54 52.11 M
5 56.99 56.99 57.83 57.47 57.23 57.18 315 51.55 52.21 50.42 51.98 51.85 51.26 oi
7 56.99 56.93 57.69 57.12 56.94 57.13 405 51.01 51.74 49.38 50.82 51.03 50.48
8 57.01 56.96 57.69 57.26 57.16 57.15 495 51.02 51.63 48.44 50.13 50.67 50.06
10 56.82 56.83 57.69 57.20 57.01 57.02 615 50.90 51.50 48.01 49.80 50.28 49.77
12 56.87 56.82 57.54 56.94 56.91 57.00 915 50.77 51.03 47.60 49.92 49.79 49.16
13 56.76 56.76 57.66 57.21 57.06 56.95 1215 50.75 50.55 48.18 49.96 49.93 49.27
15 56.67 56.63 57.50 56.96 56.83 56.89
17 56.72 56.67 57.47 56.92 56.83 56.92
18 56.59 56.60 57.57 57.12 56.98 56.88
20 56.59 56.56 57.35 56.71 56.66 56.81
22 56.56 56.54 57.40 56.94 56.89 56.81
23 56.53 56.47 57.24 56.62 56.61 56.70
25 56.38 56.39 57.21 56.60 56.56 56.72
27 56.39 56.39 57.29 56.91 56.84 56.65
28 56.32 56.27 57.11 56.49 56.44 56.56
30 56.32 56.33 57.11 56.65 56.57 56.54
32 56.18 56.20 57.07 56.59 56.52 56.46
34 56.16 56.14 56.99 56.46 56.42 56.40
37 56.08 56.07 56.96 56.50 56.39 56.35










































































































































































































































































































Figure A4.PT7a. Glass coated with clay coating and dried in




Figure A4.PT7b. Glass coated with clay coating and dried in an
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gure A4.PT8a. Glass plate coated with clay coating and dried Figure A4.PT8b. Glass plate coated with clay coating and dried
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Glass plate at room temperature inserted into






















Glass plate at room temperature inserted into












Table A4.PT10. Glass plate temperature at 23 C inserted into drier at 32 C.
23 23 23 23
F C D E













































































































































































































B F C D E
25.07 24.12 24.58 24.49 24.67
25.07 24.78 24.87 24.79 25.07
24.89 24.60 24.84 24.67 24.87
25.35 24.43 24.77 24.67 24.92
24.95 24.91 24.98 24.84 25.15
25.38 24.48 24.85 24.77 24.99
25.20 25.15 25.14 25.01 25.37
25.20 24.72 24.98 24.89 25.10
25.47 24.86 25.08 25.04 25.34
25.06 24.93 25.19 25.04 25.26
25.61 24.71 25.08 25.01 25.24
25.40 25.39 25.40 25.23 25.55
25.56 24.74 25.13 25.01 25.26
25.56 25.14 25.32 25.23 25.53
25.72 24.81 25.16 25.18 25.34
25.41 25.03 25.64 25.37 25.58
25.93 25.14 25.30 25.25 25.48
26.22 25.58 25.48 25.53 25.90
26.13 25.89 25.80 25.75 26.04
26.36 25.95 25.78 25.79 26.17
26.07 26.03 26.01 25.86 26.18
25.95 25.38 25.93 25.72 25.95
28.05 26.09 27.20 26.71 27.15
31.47 27.00 27.96 27.42 27.91
30.17 28.40 29.05 28.42 29.10
31.15 29.10 29.56 29.02 29.63
31.18 30.12 30.19 29.58 30.17
31.18 30.62 30.69 30.17 30.75
31.62 31.30 31.13 30.82 31.39































































































































Figure A4.PT1 Oa. Glass plate at 23C inserted into




















Figure A$.PT10b. Glass plate at 23 C inserted into























Table A4.PT11. Glass plate temperature at 23 C inserted into drier at 32 C.
23 23 23 23 23
B F C D E
2.92 22.87 22.99 22.93 22.90
2.98 22.97 23.01 22.96 22.90
3.03 23.01 23.01 23.03 23.04
2.98 23.03 22.96 23.00 23.03
3.06 23.09 23.02 23.10 23.11
3.03 23.15 23.04 23.03 23.01
3.15 23.15 23.04 23.06 23.14
3.10 23.22 23.04 23.13 23.09
3.16 23.23 23.28 23.10 23.11
3.21 23.30 23.12 23.22 23.19
3.16 23.42 23.18 23.15 23.22
3.32 23.25 23.26 23.20 23.25
3.27 23.49 23.26 23.32 23.31
3.61 23.52 23.54 23.42 23.51
3.70 23.58 23.46 23.62 23.68
3.75 23.66 23.71 23.67 23.71
3.93 23.68 23.81 23.71 23.81
3.89 23.85 23.89 23;81 23.91
4.05 23.75 24.00 23.82 23.99
4.09 23.87 23.96 23.96 24.02























































































































































































































































































































































Glass plate at 23 C inserted into























Glass plate at 23 C inserted into















































38 38 38 Left
C D E Edge
37.99 38.02 38.02 32.02
38.04 38.03 38.06 31.55
37.99 37.97 37.96 31.70
37.91 37.81 37.86 31.55
37.67 37.63 37.77 31.86
37.64 37.66 37.78 31.55
37.75 37.75 37.69 31.86
37.72 37.70 37.75 31.86
37.54 37.51 37.50 33.29
37.37 37.32 37.32 35.03
37.19 37.17 37.16 35.66
37.01 37.12 37.11 36.12
36.87 36.98 36.92 36.12
36.72 36.92 36.95 36.12
36.80 36.76 36.70 35.97
36.68 36.66 36.54 36.12
36.50 36.54 36.47 35.66
36.37 36.41 36.46 35.81
36.24 36.36 36.30 35.97
36.26 36.31 36.19 35.66
36.13 36.16 36.14 35.66
36.05 36.14 36.01 35.81
36.05 36.00 35.85 35.66
35.92 35.94 35.80 35.50
35.79 35.92 35.74 35.35
35.71 35.73 35.71 35.35
35.60 35.75 35.64 35.19
35.60 35.63 35.48 35.03
35.49 35.60 35.48 35.03
35.47 35.48 35.34 35.19
35.38 35.45 35.31 34.88
35.22 35.34 35.29 34.88
35.23 35.33 35.11 34.72
35.12 35.21 35.10 34.72
34.06 34.15 33.88 33.78
Left
Time A B F C D E Edge
sec. - - ---------- ---------- ---------- ---------- -- ------ ----------
269 32.55 32.68 33.54 33.42 33.37 33.20 33.14
345 32.10 32.13 32.89 32.91 32.84 32.65 32.71
434 31.75 31.64 32.28 32.46 32.34 32.11 32.22
614 31.42 31.17 31.49 31.93 31.81 31.58 31.70
914 31.17 30.78 30.72 31.50 31.42 31.12 31.56












































Figure A4.PT12a. Glass plate at 38 C inserted into
















Figure A4.PT12b. Glass plate at 38 C inserted into




























-38 35.48 35.49 35.45
-34 35.52 35.51 35.52
-29 35.50 35.51 35.52
-24 35.33 35.34 35.54
-20 35.41 35.26 35.45
-15 35.18 35.23 35.30
-10 35.13 35.21 35.26
-6 35.16 35.17 35.33
-1 35.10 35.18 35.28
3 34.92 35.04 35.21
8 34.67 34.81 35.01
13 34.49 34.69 34.99
17 34.43 34.57 35.02
22 34.30 34.49 34.87
26 34.24 34.40 34.80
31 34.12 34.32 34.68
36 34.06 34.23 34.77
40 33.96 34.20 34.75
45 33.89 34.11 34.66
49 33.78 34.00 34.47
54 33.73 33.89 34.32
59 33.66 33.82 34.47
63 33.55 33.80 34.25
68 33.50 33.71 34.39
72 33.44 33.63 34.23
77 33.37 33.54 34.16
82 33.30 33.48 34.13
86 33.23 33.46 33.92
91 33.18 33.39 33.97
95 33.12 33.32 33.97
100 33.04 33.29 34.03
105 33.03 33.23 33.94
109 32.95 33.17 33.72
114 32.87 33.14 33.80






















































































































































Time A B F C D E Edge
sec.-- ---- -- --....
182 32.23 32.40 32.83 32.73 32.80 32.72 33.01
257 31.78 31.83 32.18 32.29 32.26 32.17 32.64
332 31.47 31.43 31.48 31.97 31.96 31.76 32.21
422 31.22 31.06 30.89 31.47 31.55 31.38 31.99
617 31.01 30.68 30.27 30.99 31.16 30.95 31.54
917 30.79 30.37 29.72 30.85 30.85 30.62 31.34







Figure A4.PT13a. Glass plate at 36 C inserted into















Figure A4.PT13b. Glass plate at 36 C inserted into




























Table A4.PT14. Glass plate temperature at 32 C inserted into drier at 32 C.
PT14
Ref. Temp. 36 36 38 368 36 36 Left Left
Resistors A B F C D E Edge Time A B F C D E Edge
Time-sec. ---------- ----- - - ------- ------- ------ Sec. ---------- --------.. ---------- ---------- ---------- --------..- -----
-38 31.98 31.95 31.90 32.00 31.99 31.93 31.80 182 31.75 31.59 31.54 31.67 31.61 31.69 31.58
-34 32.06 32.02 31.99 32.03 32.06 32.04 31.86 257 31.73 31.55 31.52 31.65 31.68 31.70 31.39
-29 32.04 32.03 31.99 32.00 32.02 32.02 31.99 332 31.64 31.39 31.34 31.73 31.57 31.57 31.22
-25 31.96 32.02 32.04 31.97 31.97 32.01 31.86 407 31.93 31.53 31.64 31.57 31.58 31.60 31.18
-20 31.80 31.89 32.15 31.97 31.90 31.90 32.18 497 31.72 31.13 31.16 31.83 31.18 31.44 31.26
-15 31.73 31.91 32.15 31.90 31.90 31.94 31.86 617 31.86 31.30 31.31 31.84 31.34 31.55 31.22
-11 31.78 31.92 32.15 32.08 31.92 31.98 31.67 917 31.90 31.29 31.13 32.00 31.43 31.49 31.22
-6 31.84 32.02 32.42 31.82 31.94 32.02 31.86 1216 31.90 31.58 31.52 32.05 31.57 31.50 31.30
-1 31.81 31.89 31.94 32.19 31.84 31.88 32.02
3 31.80 31.87 32.32 32.02 31.89 31.99 32.46
8 31.81 31.84 32.08 32.05 31.85 31.90 32.18
12 31.93 32.18 32.42 31.57 31.97 32.04 31.55
17 31.96 32.07 31.80 31.89 31.85 31.86 32.02
22 31.96 32.07 32.13 31.84 31.90 31.94 31.86
26 31.81 31.79 31.97 32.10 31.89 31.93 31.70
31 31.81 31.92 32.33 31.68 31.94 32.04 31.70 co
35 31.73 31.70 32.03 32.19 31.84 31.94 31.55
40 31.83 31.95 32.33 31.66 31.92 32.02 31.39
45 31.84 31.82 31.85 31.97 31.80 31.83 31.55
49 31.78 31.99 32.40 31.57 31.97 32.09 31.39
54 31.83 31.87 32.23 31.73 31.90 31.96 31.70
58 31.73 31.66 31.77 32.13 31.75 31.83 31.39
63 31.81 31.91 32.16 31.71 31.85 31.98 31.70
68 31.66 31.58 32.01 32.11 31.80 31.86 31.23
72 31.868 31.91 31.90 31.70 31.82 31.88 31.55
77 31.75 31.68 32.06 31.94 31.82 31.91 31.55
81 31.86 31.82 31.89 31.86 31.80 31.82 31.70
86 31.83 31.97 32.40 31.50 31.87 32.06 31.55
91 31.72 31.66 32.20 31.81 31.85 31.94 31.39
95 31.66 31.66 32.18 31.87 31.87 31.98 31.39
100 31.83 31.74 32.09 31.86 31.82 31.88 31.23
104 31.69 31.60 31.92 31.94 31.82 31.88 31.23
109 31.90 31.81 31.80 31.86 31.74 31.78 31.39
114 31.70 31.66 32.08 31.87 31.84 31.94 31.39
118 31.81 31.79 31.85 31.78 31.80 31.85 31.23
Figure A4.PT14a. Glass plate at 32 C inserted into


















Figure A4.PT14b. Glass plate at 32 C inserted into



















Table A4.PT15. Glass plate temperature during coating and drying at 32 C and 15% RH.
33 33 33 33 33














































































































Time A B F C D E Edge
sec. - --------- ---------- ---------- ---------- ----------
4 29.42 30.05 27.72
5 29.16 29.84 27.53
7 28.90 29.62 27.39
9 28.78 29.45 27.25
10 28.58 29.36 27.12
12 28.49 29.27 27.06
14 28.35 29.18 26.96
15 28.26 29.13 26.77
17 28.21 28.99 26.81
19 28.10 28.92 26.62
20 28.04 28.82 26.65
22 28.01 28.78 26.46
24 27.93 28.69 26.44
25 27.90 28.61 26.38
27 27.86 28.53 26.24
29 27.81 28.42 26.24
30 27.79 28.39 26.00
32 27.79 28.27 26.05
34 27.81 28.24 25.86
35 27.78 28.12 25.89
37 27.81 28.06 25.81
39 27.76 27.98 25.76
40 27.79 27.89 25.70
42 27.79 27.83 25.64
43 27.78 27.72 25.67
45 27.84 27.70 25.50
47 27.78 27.61 25.57
48 27.86 27.56 25.36
50 27.81 27.46 25.46
52 27.87 27.44 25.38
53 27.87 27.36 25.40
55 27.92 27.32 25.36
57 27.92 27.30 25.26
58 27.96 27.21 25.34






















































































































































Table A4.PT15. Glass plate temperature during coating and drying at 32 C and 15% RH.
36 36 36 36 36 36















































































































































































Figure A4.PT15a. Clay coating dried on glass plate in








Figure A4.PT15b. Clay coating dried on glass plate in






































Table A4.PT16. Glass plate temperature during coating and drying at 32 C and 15% RH.
33 33 33 33 33 33 Left
A B F C D E Edge
-66 33.23 33.23 33.10 33.28
-63 33.31 33.32 33.24 33.35
-58 33.34 33.35 33.36 33.36
-53 33.33 33.35 33.38 33.36
-49 33.34 33.37 33.01 33.32
-44 33.19 33.22 33.31 33.19
-40 33.25 33.14 32.48 33.16
-35 32.99 33.06 33.20 33.06
-30 32.90 33.05 33.13 32.98
-26 32.77 32.94 33.08 32.95
-21 28.67 29.98 33.05 24.70
-17 29.12 27.47 29.26 9.38
-12 29.01 27.80 25.44 12.90
-7 28.61 28.12 25.08 13.75
-3 28.90 28.81 25.05 14.63
2 28.60 28.79 24.86 14.71
6 27.46 27.90 23.65 13.86
11 26.85 27.33 23.22 13.62
16 26.62 27.03 22.78 13.62
20 26.46 26.66 22.36 13.56
25 26.35 26.41 21.93 13.44
29 26.54 26.40 21.59 13.65
34 26.46 26.09 21.40 13.56
39 26.55 26.06 21.50 13.72
43 26.46 25.75 21.13 13.77
48 26.54 25.69 21.04 13.97
52 26.49 25.48 21.16 14.10
57 26.57 25.37 21.08 14.12
62 26.63 25.23 20.99 14.20
66 26.62 24.95 20.75 14.05
71 26.72 24.82 20.63 14.10
76 26.92 24.99 20.63 14.47
80 26.89 24.79 20.49 14.39
85 27.06 24.76 20.32 14.57








































































Time A B F C D E Edge
sec. - - - ---
94 27.15 24.71 20.61 14.73 7.23 16.73 24.82
99 27.14 24.60 20.57 14.71 7.18 16.70 24.82
103 27.17 24.56 20.68 14.66 7.30 16.71 24.82
108 27.14 24.46 20.40 14.58 7.66 16.78 24.50
112 27.31 24.59 20.42 14.68 8.23 16.83 24.50
117 27.41. 24.77 20.73 15.02 8.94 16.86 24.19
122 27.43 24.71 20.63 14.95 9.64 16.83 24.19
126 27.66 25.02 20.80 15.37 10.45 17.00 24.03
131 27.66 25.02 20.87 15.40 11.24 16.97 24.03
135 27.71 25.11 21.09 15.68 12.11 17.03 24.35
140 27.81 25.19 21.19 16.11 12.94 17.18 24.50
145 27.61 24.91 20.92 16.17 13.63 17.29 24.66
149 27.74 25.02 21.04 16.69 14.41 17.47 24.82
211 28.47 26.03 22.43 21.79 19.01 21.06 25.79
286 28.87 27.02 24.27 24.43 19.28 23.39 26.81
361 28.90 27.38 24.95 26.10 20.35 25.16 28.23
436 29.14 27.90 25.89 27.10 23.13 27.04 29.24
616 29.36 28.76 27.33 28.36 27.57 29.12 30.45
917 29.54 29.35 28.61 29.23 28.91 30.19 30.94








Figure A4.PT16a. Clay coating dried on glass plate in














Figure A4.PT16b. Clay coating dried on glass plate in




























Table A4.PT17. Glass plate temperature during coating and drying at 54 C and 15% RH.
54 54 54 54 54 54 Left





































































































































































































































































































































































































































































Figure A4.PT17a. Clay coating dried on glass plate in















Figure A4.PT17b. Clay coating dried on glass plate in














































54 54 54 Left
C D E Edge
3.98 54.00 54.00 54.78
4.02 54.00 54.00 54.56
3.82 53.81 53.82 54.56
3.65 53.70 53.71 54.56
3.48 53.51 53.50 54.75
3.16 53.20 53.26 54.72
3.03 53.02 53.06 55.02
2.76 52.65 52.74 54.75
2.48 52.31 52.42 54.72
2.16 51.80 51.91 54.56
1.84 51.46 51.41 54.41
0.97 50.26 50.48 54.72
t9.96 49.11 49.28 54.56
8.86 48.01 47.94 54.41
.8.41 47.42 47.54 54.41
.7.88 46.96 47.09 54.56






































Time A B F C D E Edge

















































































































































































































































































Figure A4.PT18a. Clay coating dried on glass plate in
















Figure A4.PT18b. Clay coating dried on glass plate in
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Figure A4.PT19a. Clay coating dried on glass plate in








Figure A4.PT19b. Clay coating dried on glass plate in






























































































































49.04 46.37 44.26 45.03 46.16 44.40 40.72
49.27 46.67 44.32 45.28 46.30 44.72 41.46
49.49 46.80 44.51 45.54 46.47 45.01 42.42
49.64 47.00 44.69 45.77 46.65 45.27 43.01
50.13 47.71 44.48 46.57 47.36 46.21 44.56
50.24 47.86 44.77 46.79 47.55 46.48 44.71
50.42 47.97 44.91 47.07 47.70 46.67 44.95
50.45 48.12 45.05 47.13 47.63 46.86 45.48
50.61 48.22 45.20 47.39 47.90 47.07 45.79
50.64 48.37 45.37 47.52 47.92 47.30 45.83
51.87 49.99 47.21 49.91 49.62 49.71 48.86
52.47 50.73 48.22 51.13 50.69 50.85 50.25
52.76 51.23 48.82 51.71 51.27 51.46 50.77
52.67 51.35 '48.99 51.83 51.29 51.66 50.71


























































































































































Clay coating dried on glass plate in



















Clay coating dried on glass plate in

























Figure A4.PT20a. Figure A4.PT20b.



































































































































































































































































































































































































































































































Clay coating dried on glass plate in




















Clay coating dried on glass plate in












Table A4.PT22. Glass plate temperature during coating and drying at 34 C and 15% RH.
35 35 35 35 35 35 Left
A B F C D E Edge
35.05 35.07 35.19 35.08 35.07 35.06 34.42
35.03 35.03 35.14 35.02 35.03 35.03 34.39
34.97 34.96 35.03 34.96 34.98 34.98 34.45
34.95 34.94 34.64 34.94 34.92 34.92 34.23
34.79 34.82 34.40 34.78 34.81 34.84 34.42
34.75 34.73 34.54 34.75 34.78 34.79 34.58
34.72 34.71 34.40 34.72 34.76 34.63 34.26
34.54 34.57 34.36 34.62 34.66 34.42 34.14
34.09 34.02 33.49 34.25 34.19 33.70 34.45
33.59 33.59 33.25 33.75 33.75 33.67 34.26
33.20 33.16 32.69 33.40 33.38 33.21 34.45
33.10 32.81 33.37 33.22 33.09 33.03 34.61
33.05 32.73 32.66 32.74 32.87 32.94 34.61
31.15 31.43 32.26 31.57 31.89 31.72 33.69
29.86 30.23 31.32 30.65 30.92 30.86 31.75
29.44 29.84 31.32 30.14 30.58 30.35 30.51
28.92 29.34 30.68 29.85 30.11 30.04 27.88
28.80 29.15 30.60 29.58 29.87 29.79 27.60
28.47 28.79 30.25 29.37 29.59 29.58 27.19
28.38 28.66 30.13 29.21 29.40 29.39 26.90
28.29 28.62 30.11 29.02 29.23 29.20 26.81
28.08 28.26 29.72 28.81 28.96 29.05 26.58
28.14 28.37 29.75 28.73 28.84 28.92 26.43
27.84 27.94 29.44 28.55 28.60 28.75 26.11
28.01 28.14 29.41 28.54 28.47 28.67 26.11
27.89 27.89 29.18 28.39 28.30 28.48 25.98
28.06 27.91 29.17 28.28 28.18 28.36 25.82
28.17 27.71 29.03 28.12 28.06 28.27 25.79
28.31 27.42 28.70 27.99 27.86 28.14 25.60
28.72 27.57 28.75 27.93 27.79 28.01 25.76
28.86 27.39 28.41 27.81 27.64 27.90 25.54
29.29 27.73 28.60 27.76 27.57 27.81 25.38
29.41 27.74 28.29 27.64 27.40 27.61 25.54
29.81 28.02 28.12 27.38 27.25 27.36 24.91
29.79 28.02 27.84 27.27 27.03 27.39 24.91
Left











































































































































































Figure A4.PT22a. Clay coating dried on glass plate in
















Figure A4.PT22b. Clay coating dried on glass plate in



























Table A4.PT23. Glass plate temperature during coating and drying at 35 C and 15% RH.
PT23
Ref. Temp. 35 35 35 35 35 35 Left Left
Resistors A B F C D E Edge Time A B F C D E Edge
Time-sec. --- - ...------ -------- ---.... -- - ---------- ------- sec. -----
-62 34.98 35.00 35.02 34.99 35.00 35.00 34.96 123 29.90 27.81 25.90 25.76 27.27 25.81 25.54
-54 35.03 35.00 34.99 34.99 35.00 34.99 35.43 132 30.22 27.98 25.66 25.81 27.68 25.71 24.91
-49 34.96 34.95 34.92 35.01 34.99 34.97 35.28 142 30.42 28.14 25.51 25.97 27.74 25.63 24.91
-44 34.90 34.83 34.85 34.94 34.92 34.89 35.28 151 30.40 28.23 25.69 26.33 27.76 25.81 24.75
-40 34.72 34.69 35.09 34.75 34.78 34.76 35.43 161 30.59 28.40 26.04 26.61 27.95 26.00 24.43
-35 34.70 34.65 34.86 34.74 34.75 34.70 35.12 170 30.82 28.55 26.26 26.90 28.17 26.26 24.11
-31 34.60 34.57 34.80 34.62 34.61 34.63 35.28 180 30.94 28.72 26.47 27.16 28.25 26.50 24.11
-26 34.55 34.49 34.66 34.54 34.55 34.46 35.09 189 31.00 28.80 26.73 27.40 28.32 26.80 24.15
-21 34.43 34.32 34.40 34.48 34.43 34.39 34.96 199 31.23 28.98 26.92 27.61 28.57 27.04 23.95
-17 33.77 33.54 33.75 33.87 33.78 33.58 35.12 208 31.28 29.07 27.11 27.83 28.67 27.26 24.66
-12 33.28 33.11 33.44 33.39 33.45 33.29 35.12 218 31.40 29.23 27.33 28.01 28.91 27.50 25.73
-8 32.83 32.42 32.80 32.71 32.82 32.80 35.28 227 31.54 29.41 27.41 28.14 28.96 27.65 26.18
-3 32.91 32.60 32.66 32.83 32.89 32.83 35.12 237 31.73 29.53 27.60 28.30 29.15 27.87 26.49
2 30.79 31.04 32.28 31.56 31.74 31.56 34.01 404 32.80 31.17 29.72 30.79 30.77 30.50 30.91
6 29.21 29.50 31.20 30.15 30.30 30.25 31.01 586 33.27 32.05 31.03 32.25 31.78 32.02 32.80
11 28.65 28.93 30.70 29.54 29.91 29.66 29.76 766 33.51 32.58 31.96 32.96 32.38 32.75 33.35 o
15 28.07 28.47 30.34 29.09 29.42 29.18 29.30 946 33.68 32.84 32.38 33.29 32.75 33.14 33.79
20 27.90 28.14 30.01 28.81 29.15 28.96 28.84 1185 33.58 32.83 32.55 33.30 32.81 33.21 33.70
25 27.58 27.80 29.74 28.52 28.76 28.64 28.49
29 27.46 27.55 29.46 28.33 28.45 28.43 28.06
34 27.44 27.40 29.27 28.09 28.40 28.21 28.06
38 27.32 27.17 29.03 27.90 28.15 28.03 27.91
43 27.16 26.92 28.76 27.71 27.85 27.79 27.60
48 27.30 26.75 28.52 27.55 27.57 27.63 27.28
52 27.67 26.59 28.36 27.40 27.47 27.50 26.97
57 28.02 26.46 28.19 27.22 27.30 27.31 26.81
62 28.41 26.37 28.02 27.06 27.27 27.14 26.49
66 28.55 26.26 27.79 26.92 26.98 26.99 26.65
71 28.87 26.28 27.60 26.81 26.76 26.93 26.33
75 28.95 26.46 27.43 26.65 26.66 26.72 26.18
80 29.18 26.69 27.23 26.53 26.53 26.66 26.18
85 29.16 26.94 27.07 26.39 26.42 26.51 25.86
94 29.42 27.26 26.73 26.18 26.31 26.27 25.70
104 29.51 27.45 26.52 26.04 26.56 26.14 25.38





















Clay coating dried on glass plate in




















Clay coating dried on glass plate in































































































































































































































30.46 28.66 27.87 27.57 27.84
30.57 28.75 27.59 27.42 28.04
30.80 28.93 27.32 27.28 28.43
30.98 29.04 27.11 27.26 28.70
31.26 29.24 26.83 27.31 28.87
31.32 29.32 26.71 27.60 29.05
31.53 29.55 26.89 27.86 29.24
31.76 29.72 27.14 28.10 29.38
31.84 29.81 27.45 28.39 29.53
32.02 29.99 27.63 28.61 29.66
32.16 30.13 27.78 28.82 29.78
32.21 30.24 28.06 29.09 29.95
32.44 30.38 28.19 29.28 30.07
32.50 30.44 28.38 29.51 30.17
32.65 30.64 28.57 29.69 30.32
32.70 30.76 28.78 29.86 30.46
34.15 32.62 31.13 32.31 32.24
34.87 33.71 32.56 33.75 33.40
35.04 34.09 33.30 34.38 33.94
35.17 34.31 33.63 34.69 34.23





































Clay coating dried on glass plate in






















Clay coating dried on glass plate in


















































































































































































































































































































































































































































Figure A4.PT25a. Clay coating dried on glass plate in
















Figure A4.PT25b. Clay coating dried on glass plate in






























































































































































































































































































A B F C D E
































































































































































































































































Table A4.PT26. Glass plate temperature during coating and drying at 35 C and 85% RH.
Continued
PT26
Ref. Temp. 36 3 3 36 36 36 Left
Resistors A B F C D E Edge Time A B
Time-sec. ---- ------ - - -ec. ---------- sec.
407 34.13 31.18 29.03 30.03 30.10 29.46 27.95
527 34.65 32.06 30.33 31.44 31.08 30.89 30.54
767 35.17 33.04 31.84 32.91 32.17 32.66 32.99
947 35.35 33.36 32.37 33.35 32.56 33.19 33.71
1186 35.40 33.54 32.79 33.62 32.84 33.52 33.97
Left
















Clay coating dried on glass plate in










Clay coating dried on glass plate in




















Table A4.PT27. Glass plate temperature during coating and drying at 35 C and 85% RH.
36 36 36 36 36 36
A B F C D E
35.99 36.00 36.07 36.02 36.01 36.00
36.05 36.11 36.13 36.07 36.06 36.08
36.02 36.01 35.99 36.05 36.05 36.03
35.95 35.92 35.88 35.91 35.95 35.93
35.95 35.92 35.82 35.92 35.89 35.90
35.86 35.83 34.92 35.84 36.33 35.77
35.76 35.71 33.61 35.75 37.42 35.74
35.66 35.65 35.09 35.75 36.27 35.71
35.56 35.54 35.49 35.60 35.61 35.56
35.43 35.42 35.37 35.52 35.42 35.48
35.29 35.29 35.28 35.44 35.25 35.34
34.81 34.42 34.35 34.54 34.69 34.62
34.24 34.22 34.40 34.32 34.30 34.33
33.80 33.65 33.91 33.84 33.83 33.92
33.46 33.31 33.34 33.50 33.58 33.63
33.81 33.77 33.89 33.77 33.85 34.03
33.77 33.70 33.84 33.74 33.80 33.98
33.21 33.08 33.39 33.32 33.32 33.52
33.06 32.87 33.25 33.05 33.02 33.29
32.86 32.64 33.08 32.95 32.90 33.10
32.81 32.54 32.98 32.76 32.71 32.99
32.63 32.38 32.80 32.66 32.58 32.86
32.63 32.24 32.72 32.50 32.41 32.77
32.52 32.07 32.53 32.36 32.26 32.54
32.49 31.95 32.43 32.25 32.16 32.43
32.54 31.85 32.36 32.14 31.95 32.37
32.46 31.71 32.17 32.05 31.87 32.18
32.55 31.61 32.12 31.93 31.73 32.14
32.46 31.45 31.96 31.80 31.61 31.98
32.51 31.39 31.91 31.67 31.48 31.90
32.45 31.24 31.76 31.62 31.38 31.78
32.55 31.16 31.69 31.57 31.26 31.73
32.51 31.05 31.57 31.41 31.16 31.58
32.46 30.96 31.39 31.30 31.04 31.50














































































































































































































































































































































































Figure A4.PT27a. Clay coating dried on glass plate in









Figure A4.PT27b. Clay coating dried on glass plate in
































Table A4.PT28. Glass plate temperature during coating and drying at 35 C and 55% RH.
35 35 35 35 35 35 Left














































































































































































































































































































































































































































Clay coating dried on glass plate in



















Clay coating dried on glass plate in
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Sheet 1 Sheet 2 Sheet 2 Sheet 4 Sheet 4 Sheet 3
X2 Y1 Y2 Y3 A45 B45
42.06% 41.90% 41.31% 42.06% 41.83% 42.06%
40.91% 41.63% 42.04% 41.20% 41.38% 42.04%
40.18% 40.32% 40.73% 40.73% 40.50% 40.73%
39.27% 39.44% 39.86% 39.27% 39.97% 39.66%
39.04% 39.22% 39.64% 39.22% 39.51% 39.51%
38.96% 39.37% 39.79% 39.79% 39.57% 39.37%
39.42% 39.56% 39.98% 39.41% 39.42% 39.98%
39.37% 39.31% 39.73% 39.31% 39.73% 39.31%
39.42% 40.01% 40.42% 39.42% 39.31% 39.31%
39.98% 40.78% 41.20% 40.85% 40.01% 40.85%
40.70% 41.88% 41.65% 41.65% 40.21% 40.70%
40.99% 41.62% 42.03% 40.99% 41.92% 42.19%
41.25% 42.35% 42.76% 42.35% 41.50% 41.25%
42.08% 42.86% 43.27% 43.27% 42.11% 43.27%
42.89% 44.13% 44.54% 43.81% 42.97% 43.81%
43.58% 43.99% 44.96% 43.99% 43.53% 44.20%
44.11% 44.66% 45.06% 44.11% 44.77% 44.77%
45.29% 45.60% 46.00% 45.21% 45.00% 45.60%
45.37% 45.82% 46.22% 46.22% 45.62% 46.22%
45.71% 46.01% 46.41% 45.71% 46.22% 46.01%
45.95% 46.45% 46.74% 46.45% 46.23% 46.23%
46.07% 46.57% 47.29% 47.29% 46.80% 47.29%
46.43% 46.34% 46.85% 45.80% 46.16% 46.43%
46.18% 46.90% 46.71% 46.90% 46.57% 46.04%
46.38% 47.13% 47.12% 46.38% 47.01% 46.38%
46.70% 46.31% 46.70% 45.92% 47.09% 46.70%
46.26% 46.10% 46.50% 46.50% 46.94% 46.50%
46.09% 46.44% 46.83% 46.09% 46.07% 46.05%
45.91% 45.22% 45.62% 45.22% 45.91% 45.91%
45.23% 45.86% 46.26% 46.26% 45.78% 45.86%
44.98% 45.13% 45.53% 44.70% 45.12% 45.53%
44.00% 44.67% 45.07% 44.67% 44.00% 44.67%
44.21% 43.27% 43.67% 44.00% 43.68% 43.68%
43.16% 43.15% 43.55% 42.69% 42.99% 42.69%
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I
Table A5.2. Pore volume data for coating trial T35R55.
Depth Sheet 2 Sheet 3 Sheet 2 Sheet 4 Sheet 1 Sheet 1 Sheet 2
X1 X2 X3 Y1 A45 B45 C45
1 41.92% 41.42% 41.65% 41.65% 41.84% 42.74% 42.00%
2 41.10% 40.89% 41.11% 41.11% 41.35% 40.25% 40.53%
3 40.32% 40.02% 40.24% 40.24% 39.95% 40.15% 40.05%
4 39.76% 39.46% 39.68% 39.68% 39.61% 39.51% 39.61%
5 39.41% 38.49% 39.77% 38.70% 39.44% 39.51% 39.00%
6 39.77% 39.68% 39.90% 39.90% 39.61% 39.15% 39.28%
7 39.74% 40.00% 40.22% 40.22% 40.15% 39.57% 39.41%
8 39.75% 39.81% 40.03% 40.03% 39.68% 39.84% 39.37%
9 39.64% 39.67% 39.89% 39.89% 39.74% 39.54% 39.45%
10 40.46% 39.91% 40.13% 40.13% 40.78% 40.57% 40.17%
11 40.88% 40.91% 41.14% 41.14% 41.01% 40.61% 40.29%
12 41.26% 41.33% 41.56% 41.56% 41.66% 40.83% 40.75%
13 41.94% 42.19% 42.42% 42.42% 41.72% 41.52% 41.08%
14 42.08% 41.76% 41.99% 41.99% 41.86% 42.57% 41.99%
15 42.85% 42.38% 42.61% 42.81% 42.72% 43.28% 42.37%
16 43.23% 43.60% 43.84% 43.84% 43.34% 43.00% 42.81%
17 43.66% 43.83% 44.07% 44.07% 43.62% 44.61% 43.53%
18 44.18% 44.57% 44.82% 44.82% 44.09% 44.21% 44.11%
19 44.50% 44.11% 44.35% 44.35% 44.07% 44.86% 44.60%
20 44.69% 44.91% 45.16% 45.16% 45.12% 45.25% 44.68%
21 45.08% 45.41% 45.66% 45.66% 45.33% 45.62% 45.08%
22 45.58% 44.98% 45.23% 45.23% 44.94% 45.21% 45.57%
23 45.62% 45.67% 45.92% 45.92% 45.88% 45.67% 45.69%
24 45.81% 45.38% 45.63% 45.63% 45.77% 45.83% 45.62%
25 46.18% 45.92% 46.17% 46.17% 45.29% 46.00% 45.61%
26 45.81% 45.44% 46.60% 45.69% 46.41% 46.10% 45.70%
27 45.85% 46.01% 46.26% 46.26% 46.33% 45.18% 45.33%
28 45.54% 45.70% 45.95% 45.95% 45.17% 45.44% 45.42%
29 45.04% 45.46% 45.71% 45.71% 45.52% 44.67% 45.45%
30 45.01% 45.61% 45.86% 45.86% 45.92% 44.83% 44.91%
31 44.35% 45.17% 45.42% 45.42% 44.41% 43.61% 44.19%
32 43.46% 44.44% 44.68% 44.68% 43.57% 43.08% 43.68%
33 42.72% 43.17% 43.41% 43.41% 42.15% 42.15% 42.53%















































































































42.93% 42.93% 43.22% 43.17% 42.94% 42.87% 42.70% 60.64 26.0326194 0.42926866 0.4292061


































F rate 1.10 kg/m^2/hr
15 20
Coating Depth (um)
0 5 10 25 30 35
Table A5.3. Pore volume data for coating trial T35R85.
Sheet 3 Sheet 1 Sheet 2 Sheet 2 Sheet 4 Sheet 4 Sheet 3
X1 X2 X3 Y1 Y2 A45 B45
41.84% 42.11% 42.28% 41.25% 41.71% 42.73% 41.54%
41.66% 41.03% 40.92% 40.31% 41.07% 40.39% 40.35%
40.36% 40.18% 40.34% 39.36% 39.79% 40.77% 39.63%
39.86% 39.87% 40.14% 39.41% 39.85% 40.82% 39.68%
39.81% 39.66% 39.82% 38.84% 39.28% 40.24% 39.12%
40.54% 40.21% 40.00% 39.18% 39.61% 40.79% 39.66%
39.32% 39.73% 39.92% 39.94% 39.37% 40.44% 40.18%
39.86% 40.00% 40.02% 39.95% 39.03% 40.46% 40.37%
40.73% 39.87% 39.91% 39.57% 40.03% 40.21% 39.00%
40.22% 40.50% 40.66% 39.67% 40.11% 41.09% 39.94%
40.55% 40.84% 41.00% 40.00% 40.45% 41.43% 40.28%
40.92% 41.87% 41.13% 40.52% 40.26% 41.00% 40.27%
40.79% 41.12% 41.28% 40.34% 40.67% 41.27% 40.50%
41.07% 42.13% 41.55% 40.53% 40.98% 41.98% 40.81%
42.13% 43.11% 42.61% 41.57% 41.05% 42.05% 41.08%
41.75% 43.04% 43.12% 42.00% 42.95% 42.27% 41.24%
42.57% 43.23% 42.96% 42.28% 42.69% 43.50% 41.54%
43.00% 43.06% 43.21% 42.17% 42.72% 43.56% 42.74%
43.00% 43.37% 43.45% 42.36% 43.07% 43.70% 42.90%
43.22% 43.78% 43.59% 43.73% 43.22% 43.47% 42.73%
43.93% 44.18% 43.64% 44.34% 43.95% 44.37% 42.71%
44.25% 45.12% 44.91% 44.34% 43.99% 45.22% 43.41%
45.21% 45.56% 44.54% 44.46% 44.13% 45.84% 44.94%
45.00% 45.32% 45.51% 44.39% 44.89% 45.99% 44.70%
45.47% 45.79% 45.98% 44.86% 45.36% 46.47% 45.17%
45.14% 45.79% 46.73% 44.96% 45.03% 45.98% 45.03%
45.22% 45.53% 45.75% 44.60% 45.10% 46.20% 44.91%
44.53% 45.90% 45.00% 44.13% 44.39% 45.47% 44.20%
44.47% 44.41% 44.43% 44.80% 44.49% 44.98% 44.09%
43.90% 44.01% 43.44% 44.56% 44.06% 44.26% 45.41%
43.65% 43.06% 42.72% 44.23% 43.80% 43.99% 44.32%
42.31% 41.68% 42.06% 42.43% 42.85% 43.08% 43.17%
40.82% 41.16% 41.33% 42.41% 42.47% 41.83% 42.32%
41.00% 41.22% 41.18% 40.88% 42.55% 42.52% 42.48%
OVERALL
















































































































































42.30% 42.57% 42.50% 42.01% 42.20% 42.89% 42.07% 79.14
14.62
33.37 42.13% 0.4236453 0.0055










































Figure A5.3. Pore Volume Profile For Trial T35R85.
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Table A5.4. Pore volume data for coating trial T55R15.
OVERALL
Depth Sheet 1 Sheet 2 Sheet 2 Sheet 3 Sheet 1 Sheet 1 Sheet 2 Total Area
X1 X2 Y1 Y2 Y3 A45 B45
42.05% 41.50% 41.52% 42.15% 41.61% 42.38% 42.08%
41.41% 40.89% 41.06% 40.92% 40.67% 41.38% 40.56%
40.32% 40.67% 40.00% 40.45% 40.06% 40.37% 40.15%
39.52% 40.24% 39.31% 39.67% 39.55% 39.98% 39.42%
39.19% 39.25% 38.67% 39.12% 39.25% 39.56% 39.51%
39.21% 39.46% 38.75% 38.99% 39.46% 39.30% 39.15%
39.82% 39.15% 39.37% 38.17% 39.33% 39.46% 39.26%
40.19% 39.67% 39.88% 39.57% 39.71% 40.51% 39.48%
40.33% 41.00% 40.14% 40.33% 40.49% 40.81% 40.67%
41.05% 40.36% 40.67% 41.25% 41.37% 40.99% 41.13%
41.82% 40.99% 41.49% 42.80% 42.19% 41.31% 41.26%
42.47% 41.56% 41.93% 43.17% 43.67% 41.89% 42.67%
42.91% 42.90% 42.65% 43.68% 43.71% 44.02% 43.91%
43.69% 43.33% 43.34% 44.28% 43.89% 44.63% 44.26%
44.54% 43.97% 43.92% 44.93% 44.09% 44.89% 44.87%
44.90% 44.67% 44.87% 45.28% 44.67% 45.02% 45.66%
45.35% 45.75% 45.06% 45.77% 45.37% 45.73% 46.09%
45.93% 46.19% 45.38% 46.03% 46.18% 45.74% 46.84%
46.43% 46.61% 45.69% 46.82% 46.27% 46.05% 46.59%
46.73% 46.57% 46.13% 46.72% 46.66% 47.09% 46.82%
46.89% 46.80% 46.81% 46.91% 46.83% 47.26% 47.00%
47.05% 46.99% 46.37% 47.03% 46.99% 46.73% 47.09%
46.80% 47.35% 47.00% 47.32% 47.03% 47.40% 47.23%
47.03% 47.02% 46.75% 47.49% 47.25% 47.86% 47.15%
47.06% 47.15% 46.60% 47.11% 47.37% 47.52% 46.49%
46.83% 47.31% 46.59% 47.03% 46.87% 47.40% 47.35%
46.80% 46.25% 46.22% 46.82% 46.91% 46.61% 47.05%
46.73% 46.71% 46.51% 46.85% 46.73% 47.10% 46.60%
46.20% 46.01% 45.94% 46.18% 46.55% 46.91% 46.51%
45.83% 45.23% 45.37% 45.61% 45.70% 45.73% 46.02%
45.13% 45.27% 44.99% 44.54% 44.31% 45.62% 44.82%
44.31% 44.67% 44.58% 43.50% 43.67% 45.02% 44.67%
43.50% 43.10% 43.63% 42.97% 42.75% 43.31% 44.28%
42.69% 42.80% 42.21% 42.15% 42.26% 42.48% 43.88%
41.99% 41.53% 41.69% 41.83% 42.38% 42.32% 42.99%


























































































































































29.98 43.80% 0.438 0.0038








































Figure A5.4. Pore Volume Profile For Trial T55R15.
48%
Relative Pore
































Table A5.5. Pore volume data for coating trial T55R55.





















































































































































































Relative Pore Vol. Std. Dev.







































































































43.20% 42.55% 43.28% 42.99% 43.10% 43.06% 43.25% 67.28
12.17
29.02 43.14% 0.431 0.0043















































































Figure AS.5. Pore Volume Profile For Trial T55R55.
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Table A5.6. Pore volume data for coating trial T55R85.






































Sheet 2 Sheet 4 Sheet 3 Sheet3 Sheet 4
X3 Y1 Y2 Y3 A45
41.06% 41.31% 42.19% 41.61% 41.15%
40.46% 40.58% 40.47% 40.63% 40.08%
40.52% 39.65% 40.15% 40.37% 39.64%
39.75% 39.37% 40.29% 39.88% 39.25%
39.20% 39.24% 38.86% 39.38% 38.95%
39.46% 39.51% 39.17% 39.50% 39.41%
39.42% 39.47% 39.33% 39.57% 38.24%
39.68% 39.52% 40.30% 39.22% 39.15%
39.84% 38.33% 40.10% 40.00% 39.84%
39.90% 39.80% 40.58% 40.56% 40.08%
40.60% 40.32% 41.45% 41.13% 40.15%
40.88% 40.67% 41.57% 40.94% 40.55%
41.23% 40.80% 40.82% 41.65% 40.97%
41.44% 41.03% 41.70% 42.06% 41.25%
41.79% 41.56% 41.57% 42.28% 41.66%
42.46% 41.87% 42.47% 42.01% 42.29%
43.28% 41.93% 43.48% 43.01% 42.37%
43.09% 42.28% 43.10% 42.82% 43.67%
43.77% 43.15% 43.78% 43.55% 43.98%
43.86% 43.78% 44.55% 43.95% 44.08%
43.97% 44.11% 44.12% 44.83% 44.67%
44.23% 44.42% 44.94% 45.23% 45.03%
44.71% 44.80% 44.66% 45.48% 45.30%
45.23% 44.97% 44.90% 45.51% 45.55%
45.21% 45.16% 45.98% 46.07% 45.87%
45.55% 45.35% 45.56% 46.32% 46.13%
45.50% 45.27% 45.35% 46.24% 45.65%
45.23% 45.97% 45.48% 45.80% 45.32%
44.79% 45.11% 45.25% 45.38% 45.09%
43.95% 44.01% 44.77% 44.60% 44.11%
44.00% 43.38% 43.53% 43.27% 43.67%
43.25% 42.96% 43.20% 44.34% 42.85%
42.42% 42.10% 43.12% 43.15% 42.62%
41.71% 41.35% 42.52% 42.51% 41.98%
42.40% 42.15% 42.63% 42.73% 42.37%
OVERALL Average














































































































































































65.30 27.78 42.52% 0.425 0.0040





Figure A5.6. Pore Volume Profile For Trial TSSR85.
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Table A5.7. Pore volume data for coating trial T75R15.





















































































































































Average 43.85% 44.17% 44.39%
Stdev
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Table A5.8. Pore volume data for coating trial T75R85.
Sheet 3 Sheet 3 Sheet 1 Sheet 2
X1 X2 Y1 Y2
41.80% 40.96% 41.52% 40.00%
41.10% 40.45% 40.39% 40.43%
40.15% 40.19% 39.94% 39.34%
39.81% 39.63% 39.66% 39.12%
39.10% 39.34% 39.62% 39.73%
39.64% 39.37% 39.51% 39.02%
39.66% 39.39% 39.44% 38.60%
39.78% 39.53% 39.38% 39.74%
39.73% 40.39% 39.00% 39.85%
40.32% 40.09% 39.82% 39.05%
40.71% 40.42% 40.90% 39.92%
41.01% 40.72% 40.61% 40.21%
41.27% 41.10% 40.82% 40.83%
41.64% 41.45% 41.35% 41.53%
42.20% 41.88% 41.88% 42.23%
42.71% 42.37% 42.06% 42.64%
43.13% 42.71% 42.67% 42.90%
43.44% 43.13% 43.06% 42.81%
43.73% 43.07% 43.74% 43.32%
44.16% 43.85% 43.81% 44.38%
44.56% 44.18% 44.61% 44.26%
44.90% 44.63% 44.35% 44.68%
45.32% 44.95% 44.66% 44.92%
45.41% 45.15% 45.02% 45.43%
45.70% 45.31% 45.31% 44.92%
45.80% 45.54% 45.11% 44.67%
45.61% 45.33% 45.67% 44.53%
45.17% 44.90% 45.56% 45.29%
44.97% 44.62% 45.13% 44.95%
44.61% 44.49% 44.85% 44.69%
43.91% 43.93% 44.09% 44.28%
43.20% 43.39% 43.39% 43.77%
42.32% 42.85% 42.17% 43.29%
41.91% 42.06% 41.52% 42.45%
42.60% 42.39% 42.37% 42.29%




















































































































































































































72.90 30.92 42.42% 0.424 0.0038











































Figure A5.8. Pore Volume Profile For Trial T75R85.
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